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ABSTRACT 
FEM has been applied to analyse the influence of interlayers on the stress distribution 
around cylindrical fibres in an elastic matrix. This being part of a research programme aiming to 
enhance the energy absorption characteristics of composites by means of interlayers from materials 
exhibiting high ductility under plane strain conditions, e. g. UHMWPE. 
The theoretical model is based on the Galerkin weighted residual finite element in conjunction with 
a "penalty approach". The advantage of this method for polymer composites is in its ability to cope 
very effectively with non-linear systems. 
Glass microscope slides were initially used to develop a technique for bonding the ductile 
layers on to glass and polyamides respectively, as well as to provide simple verifications of the 
applicability of the aforementioned model. 
Further experiments were carried out on glass fibres coated with UHMWPE from a xylene 
solution, in order to evaluate the applicability of the above technique and of the theoretical model 
in actual composite systems. 
Although great difficulties were encountered in achieving a well bonded uniform coating 
on the glass fibres the results have confirmed the viability of the approach: The impact strength 
of compression moulded glass reinforced Nylon plaques, measured with an instrumented falling 
weight apparatus was increased up to 400% with a corresponding loss in flexural modulus of only 
10-15%. The ductile nature of the interfacial failure between fibres and matrix was also confirmed 
by SEM examination of fractured specimens. 
Thermal analysis results, especially from DMA indicate that an UHMWPE interlayer 
substantially increases the tan 8 of the short fibre composite over a wide temperature range, albeit 
with some reduction in modulus. There was good agreement between the flexural modulus results 
obtained from DMA tests and those obtained using 3 point bending at room temperature. 
KEY WORDS: FEM, GALERKIN, UHMWPE, COMPOSITE, GLASS FIBRE, IMPACT 
RESISTANCE, INTERLAYER, ELASTICITY, FIBRE-MATRIX INTERFACE. 
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CHAPTER 1 
This project is primarily concerned with the use of ductile interlayers to improve the 
toughness and damage tolerance of short fibre composites. The experimental work carried out was 
geared towards producing and then evaluating the performance of such composites based on glass 
fibres using ultra high molecular weight polyethylene as the interlayer. An attempt was also made 
to produce a computer model to predict the mechanical behaviour of composites. The final 
objective of such a model is to predict the optimum thickness and properties of an interlayer to 
produce a specified performance in a composite, given the properties of the constituent fibre and 
matrix. 
The introductory chapter gives a very brief description of the background of modem polymer 
based composites, and outlines the reasons for carrying out this investigation. 
The term composite has come to mean a material formed by dispersing particles or fibres 
of one or more other materials in a matrix, such that the matrix forms a continuous network 
surrounding the filler components. These components retain their integrity within the matrix. Thus 
composites may be distinguished from materials combined on a microscopic scalc, such as alloys 
or IPNs, where a macroscopically homogeneous material is formed. 
The overall mechanical properties of a composite may bear little relationship to those of 
the components. 
The dispersed components or reinforcing phase may be randomly arranged or organized 
into some kind of pattern. Generally the arrangement will have a large influence on composite 
properties. The particle shape also has a profound effect on final properties. The shapes found 
in practice vary from more or less spherical, such as glass beads in a polymer matrix or stones in 
concrete, to long thin fibres such as cellulose in wood. 
The first composites to be used by people were naturally occurring, like bone or wood. 
Artificial composites such as straw in clay for bricks or horse hair in plaster of Paris had been 
discovered by biblical if not prehistoric times. 
-1- 
Extensive development of reinforced polymers took place during the second world war, and 
in the following years they came to be utilized in boats, cars, furniture and other consumer and 
industrial applications. The pioneering work was carried out using glass fibres mainly in polyester 
matrices. These composites exhibited superior properties to traditional materials and as a result 
exhibited phenomenal growth in production. in the post war years. Although the performance of 
glass has been surpassed by more recently introduced fibres, today glass is still by far the most 
widely used reinforcement for structural composites. 
12 Reinforcing fibres 
The importance and applications of reinforcing fillers currently used in the polymer 
industries are very briefly described below. 
12.1 Glass fibres: 
These are produced by melting glass which is then passed through small metal orifices. To 
protect the fibres from mechanical damage, sizing materials are normally applied to their surface 
immediately after forming. For fibres to be used in composites, a size is employed which contains 
a "coupling agent" to bond the fibre surface with the matrix used in the composite. There are two 
important forms of glass fibre used industrially the discontinuous or staple fibre and the continuous 
fibre. The short staple fibres are produced from the continuous fibres by cutting them to a 
predetermined length to produce "Chopped strand" fibres, or by passing them continuously through 
a rotating hammer mill to produce the less widely used "Hammer milled" fibres. 
Chemically glass is composed of silica and other oxides. Table I shows the composition 
of four types of glass. E-glass (aluminoborosilicate) is the most widely used reinforcing fibre in 
polymers. S-glass (magnesium aluminoborosilicate), with higher tensile modulus, strength and 
operating temperature, was developed to meet the requirements of the aerospace industry for 
improved performance. C-glass is used less frequently as a reinforcing filler, and was developed 
primarily for improved chemical resistance. Alkali glass is never used in commercial composites 
and is included for comparative purposes only. 
-2- 
TABLE I 
Component E-glass 
Electrical 
S-glass 
High Strength 
C-glass 
Chemical 
A-glass 
Alkali 
Silicon Oxide 54.2 64.2 64.2 72.0 
Aluminium Oxide 15.2 24.8 4.1 0.6 
Ferrous oxide 17.2 0.21 ---- ---- 
Calcium Oxide 4.7 0.01 13.4 10.0 
Magnesium Oxide 0.6 10.27 3.3 2.5 
Sodium Oxide ---- 0.27 0 -> 9.6 14.2 
Potassium Oxide 8.0 ---- 9.6 -> 0 
Boron Oxide ---- 0.01 4.7 
Barium Oxide ---- 0.2 0.9 
These values were obtained from the literature(l end'). 
Fibre glass is available to the processor in a variety of product forms. The most important are: 
Roving A collection of continuous filaments or strands. 
Yarn Similar to rovings, but suitable for use in textile processing. 
Usually a twist of specified frequency is applied to them. 
Woven roving A reinforcing fibre fabric produced from rovings. 
Mats May be made from continuous fibres, chopped fibres, or very thin 
continuous fibres. 
Fabrics Yarns woven together. Available in a wide variety of 
constructions and weaves. 
These forms are available with a variety of surface coatings or "sizes" to improve handling 
and act as coupling agents to the polymer matrix. The coupling agents are usually organ silanes 
of the formula X3SiR, where R is a group which can react with the resin and X is a group which 
can hydrolyze to form a silanol group that can react with a hydroxy group of glass. The R group 
may be vinyl, gamma aminopropyl, gamma-methacryloxypropyl, etc.; the X group may be chloro, 
methoxy, ethoxy, etc. The sizes are examined in greater detail in section 2.4 
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Applications: Glass fibre filled composites are used in automotive and aircraft components, 
printed circuit boards, pressure vessels, boating and sporting goods. There are also many low 
volume applications for this versatile reinforcing filler. 
122 Boron fibres 
The modem era of what may be termed "Advanced Composites" began in the early 1960's 
with the introduction of boron fibres. These have very high spec str engths, like glass fibres but 
they also provide a high specific modulus which glass does not. In the aerospace industry glass 
based composites were generally restricted to secondary, non-critical structures due to inadequate 
stiffness rather than strength. Boron fibres offered a solution to this. 
Boron filaments are produced by the chemical vapour deposition of boron on a tungsten 
substrate. They are available only in continuous filament form, and cannot be readily woven or 
braided. The vast bulk of these fibres are supplied as prepreg tapes based on epoxy resin. 
Applications: High stiffness and compressive properties allow use in particularly demanding 
structures such as wings, and horizontal and vertical stabilizers. Also used in combination with other 
fibres such as carbon to produce sporting goods including golf clubs, fishing rods, tennis racquets 
etc. 
123 Carbon fibres 
Often referred to as Graphite fibres in the US., they are high strength high modulus light 
weight fibres which are now predominant in advanced composites. Their properties are in general 
close to or equal to those of Boron, but their price and ease of handling offer significant advantages 
over Boron. They are produced from either PAN, Rayon or pitch. Each of the three precursors 
results in fibres with different properties, and a range of properties are available from within in 
each grade. Some examples of commercial fibres are shown in Table II. As these are being 
continually improved, manufacturer's recent data sheets should be consulted for specific, detailed 
data. Carbon fibres are available in a variety of forms similar to glass. Prepregs are the most 
common. Gerald and Taylor" have outlined the current production technology and end uses 
of carbon fibres. 
Applications: The major user is the aircraft/ aerospace industry for components such as aircraft 
wings, empennage and fuselage structures, space craft, missiles etc. Almost 50% of the world 
consumption of these fibres went into air/spacecraft in 1988('). Carbon fibre based materials are 
-4- 
also used in sporting goods, agriculture, medical devices, weaving machines, robots and other 
industrial applications. 
TABLE II 
Typical fibre properties from manufacturer's data 
Fibre 
trade name 
TWARON TWARON 
HM 
TENAX 
HTA 
TENAX 
HM40 
Vitrex SPECTRA 
9000 
Type Aramid Araniid Carbon -ex PAN E-glass UHMWPE 
Density g/cc 1.44 1.45 1.78 1.83 2.58 0.97 
Modulus (I pa 80 125 238 392 78 117 
Tenacity Mpa -2,800 2,800 3,400 2,250 2,000 
Elongation at 
break % 
3.5 2.0 1.4 0.5 2.0 3.5 
Coeff. of 
Thermal 
Expansion 
-3.5 x, 
10-6 ac 
-35 x 
10-6 Oc 
-0.1 x 
10-6 "C 
-0.5 x 
10-6 "C 
Diameter 
microns 
11.9 6.9-> 
7.1 
6.0 8 -> 14 38 
L2.4 Aramid fibres 
This is the generic term for any aromatic polyamide fibre. They were introduceon a 
Welt 
commercial scale by Du Pont in the early 1970's. The fibres are produced by an extrusion/ 
spinning 
technique`). Du Pont aramid fibres are marketed under the trade name "KEVLAR" and those 
of Akzo under the name "TWARON". Typical properties of TWARON are shown above. The 
most widely used aramid fibre in composite structures is KEVLAR 4901), which has very similar 
performance to TWARON HM. Aramid fibres have very high tensile strengths and moduli with 
a low density, giving excellent specific tensile properties. They have replaced glass fibres in some 
applications due to better handling and specific moduli. But their relatively poor compressive 
properties have prevented their use in applications where carbon fibres are generally used. 
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Applications: Aramid fibres are especially suitable for pressure vessels. Also used in protective 
clothing and bullet proof clothing, aerospace and automotive industries. Hybrid composites with 
carbon fibres can yield extremely high impact resistant materials. These fibres are also gaining 
favour as a comparatively safe substitute for asbestos in friction materials, the main limitation here 
being the relative expense of the polymeric fibres. 
L2.5 Specialty fibres 
In addition to those fibres mentioned above, there are several low volume specialty fibres 
in commercial use. These include silicon carbide, metallic and inorganic whiskers, high modulus 
polyolefins and fibres derived from liquid crystals. The volumes involved are very low e. g. ultra 
high molecular weight polyethylene; about one metric tonne of this material was sold in the U. S. A. 
in 1988 for use in composites. 
13 Factors influencing the properties of composites 
The properties of a composite will obviously be most influenced by the choice of matrix and 
filler type. For a given matrix/polymer combination, the mechanical properties will also be a 
function of the fibre diameter, length, volume fraction orientation. Generally speaking these 
dimensions will not be constant throughout a commercially produced composite, but will at best 
approximate to some statistical distribution about a mean value. The strength of the bond between 
fibre and matrix will have a crucial influence on composite properties. The presence of voids in 
the matrix may also affect mechanical properties, and this is especially true should they occur at the 
interface. 
This section gives a brief review of the literature concerning experimental data and 
theoretical models relating to this aspect of man made composites. 
One technique which is widely used in the design of unidirectional composite materials to 
predict the modulus from the moduli of the fibre and resin components is the "rule of 
mixtures"(". This may be derived as follows: The total force applied to the composite in the 
direction of fibre orientation is the sum of the forces in the fibre and matrix. Assuming perfect 
bonding between the fibres and matrix, and also assuming true elasticity (linear stress-strain 
relations) for both fibres and matrix, we may write 
-6- 
A 
Stresq = VtEfC+ (1-Vf) Em¬ (1) 
Vf = volume fraction of cross section occupied by fibres 
E_ = fibre modulus 
E. = matrix modulus 
e= strain 
Then the modulus of the composite is 
E. = VfEf + (1-V! ) Ea 
This formula is derived from the assumption that the strain in the fibres and matrix is 
identical, which is far from being realistic, but because of its simplicity and universal appeal this rule 
is widely applied to composites"'. Even when it is used outside of the areas where it is theoretically 
correct, such as when the strain is too great for the composite to behave elastically, it often gives 
approximate results that are useful. For transverse properties i. e. in the direction perpendicular to 
the fibres the stress strain curves arc often not linear and the rule of mixtures is therefore not 
applicable. The isostrain assumption is not valid under transverse stresses. 
Two important characteristics of a composite are its resistance to and the mode of failure. 
This may occur separately from or jointly with a) breakage of fibres, b) breakage of the matrix, and 
or c) separation of the fibres from the matrix. With unidirectional composites failure under 
11 longitudinal tensile load may occur in the following modes(`). a) brittle b) brittle with fibre p. a -out 
c) brittle with fibre pull-out and interface-matrix shear failure on constituent debcnding. Failure 
under transverse tensile load may be from matrix tensile failure and/or constituent debonding 
and/or fibre splitting. Failure under transverse compressive load may be from a) matrix shear 
failure or b) matrix shear failure with constituent debonding and or fibre crushing. Failure by 
in-plane shear load may occur with a) matrix shear failure, b) matrix shear failure with constituent 
debonding and c) constituent debonding. 
13.1 Fibre length 
Fibre length is well known as a critical variable determining the mechanical properties of 
a composite. Composites may be produced with continuous filament fibres or with short fibres of 
various lengths. As the length of the fibre in a composite decreases the stiffening and reinforcing 
effect of the filler decreases and the effect of the fibre ends becomes increasingly significant as the 
stress and strain fields in the fibre and the surrounding matrix are modified by the discontinuity. 
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Figure 1.1 Fibre length distribution in injection 
moulding. Data taken from reference (7) 
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Fibre ends play an important role in the fracture behaviour of 'short fibre composites and also of 
continuous filament composites where the continuous filament may break into various lengths. 
In practice the fibre length is often unavoidably reduced during the blending of the fibres 
into the matrix or the processing of the composite into the final product. For example this 
reduction in length may occur when fibres are blended with a polymer in an extruder or during 
injection moulding. The resulting fibre length distribution in the composite may be inferred by 
indirect means such as measuring a physical property which depends on fibre length, or the 
distribution may be directly measured by removing the matrix by dissolving or by combustion. 
Figure 1.1 shows a typical fibre length distribution from a thermoset injection moulding of a 
composite made of chopped strand fibres with an initial length of 6 mm. The length of the fibres 
was reduced to a number average of less than 1 mm and a weight average of about 1.4 mm. The 
skewed distribution of fibre lengths with a tail at the long fibre end is typical of composites 
processed in this way. 
The stress and strain distribution at fibre ends has been described by several 
authors"'). The fibre ends are weak points in a composite and are sites of high stress 
concentration in the matrix. It is generally assumed that the stress transfer to the fibres across their 
end faces is negligible. If it is assumed that there is a strong fibre matrix bond then an applied 
stress on the composite parallel to the fibre will be transferred from the resin to the fibre across 
the interface. Cox' has applied a simplified but highly successful and very well known approach 
to analyzing the stress distribution known as the "shear lag theory". He made the following 
assumptions: 
a) the matrix and fibre behave as elastic materials 
b) the interface is infinitesimally thin 
c) there is a perfect bond between the fibre and interface such that there is no strain 
discontinuity across the interface 
d) the matrix close to, the fibre has identical properties to the rest of the matrix. 
e) the fibres are arranged in a regular array. 
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Figure 1.2 Tensile stress along fibre length based on 
shear lag theory. 
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Figure 1.3 Shear stress along fibre length according to 
shear lag theory 
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The following equation was derived for the tensile stress acting along the fibre: 
Qf_2EfCm 1-cosh 
ß (0.51-X) 
cosh(0.5ßl) 
2G, ß 
t2) 
where ß= 
(Efr21n (R) 
x= distance from the fibre end 
of = fibre stress 
E_ = Young's modulus of fibre 
e, = matrix strain 
G. = shear modulus of matrix 
1= fibre length 
r= fibre radius a= V (2r) 
2R = interfibre spacing. 
The shear stress at the interface (i) is given by: 
T=EfEm [sinhji 
(0.51-x) I 
G. 
(3) 
cosh(0.5pl) 2Efln( R) 
Figures 1.2-1.4 show plots of the stress distribution around a fibre embcdded in a resin 
matrix. As can be seen the shear stress is at a maximum at the fibre ends and falls almost to zero 
at the centre. The maximum possible value of strain in the fibre is that applied to the composite 
material. So the maximum stress possible in the fibre is eEt. To achieve this the fibre length must 
be greater than a critical value 1, The regions at the ends of the fibre which are not fully loaded 
have a length of 0.51, 
These figures are based on references C6 a9° 246) and also"). 30% volume fraction glass 
filled nylon 66 typically has a value of na = 12-14.20% v/v carbon (E = 230 GPa) filled nylon would 
typically have na value of 7-9. 
A problem with any calculation involving fibre length is deciding what value to use, since 
as shown in Figure 1.1 there may be a large variation in fibre lengths. The most widely used 
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Figure 1.4 Linear stress distribution along short 
fibre, based on shear lag theory. 
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estimate of fibre length is a statistical value using a Weibull distribution function, f(a) which has 
been described by Rosen" as: 
f(a) = Ly6aa-lexp(-Lycra) 
where L is the fibre length (4) 
a is the fibre strength 
8, y are statistical parameters 
There is also a variation of strength in individual fibres. This is particularly true of brittle 
fibres and the Weibull distribution can also be used to relate the strength of a bundle of fibres to 
the distribution of fibre strengths in the bundle"') as follows: 
°= 
1 
µµexpµ-'r(1+ 
1)-1 
am µ 
ab=fracture strength of a fibre bundle (5) 
am=mean strength of the bundled fibres 
I' =a tabulated Gamma function 
µ= scatter in strength. 
µ= infinity when there is no variation, and the bundle strength is equal to individual fibre 
strength. 
Hull * states that for very brittle fibres which show a large amount of scatter and have 
values of µ between 2 and 5 the bundle strength is 50 to 65% of the mean strength. Glass fibres 
typically have values of p 'between 5 and 15 such that the bundle strength is 65 to 80% of the mean 
strength. 
132 Fibre diameter 
This also has an important influence on the properties of a composite. The surface to 
volume ratio increases as the fibre diameter decreases and thus there is a greater surface interface 
area between fibre and matrix for a given volume of fibre. The literature on the effect of fibre 
diameter on fibre properties indicates that as the diameter increases the tensile strength and 
- Young's modulus decrease. This is sometimes referred to as the size effect. Wagner has proposed 
a probability model to describe the size effect in polymeric (Aramid and UHMWPE) fibres(12) . 
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Kawamura and Jenkins("' found that with a decrease in carbon fibre diameter from 
37 to 6 micrometers, the fibre tensile strength and Young's modulus increased from 0.5 to 2 GPa 
and from 20 to 70 GPa respectively. Dc LaMotte and Perry (14) reported that as the diameter 
of carbon fibres was reduced from 11 to 8 micrometers the tensile strength and the Young's 
modulus increased by 1.6 and 1.4 times respectively. Jones and Duncan"" investigated carbon 
fibres made from both PAN and rayon precursors and found that a decrease in fibre diameter from 
10 to 6 micrometers doubled the tensile strength and increased the Young's modulus from 140 to 
340 GPa. Hillermeier(16) found the same inverse relationship with polyester, PAN, rayon and 
glass fibres. In the case of the glass the tensile strength increased by a factor of 1.5 as the diameter 
was reduced from 13.0 to 3.8 micrometers. Some very early work"', ") also indicates that the 
tensile strength of glass fibres varies inversely to the diameter. 
On the other hand there are reports"')'(") that under certain circumstances at least 
the tensile strength of E-glass fibres can be independent of diameter. Thomas"" found no 
change in the tensile strength over the diameter range of 5 to 20 microns provided that the molten 
glass from which the fibres are drawn is given sufficient time to obtain an "equilibrium state". 
Pabler and Bruckner"" found that several drawing factors in fibre manufacturing processes 
could influence the strength of fibres. 
The most likely explanation for these conflicting results with respect to the tensile strength 
of fibres may be that the strength is in fact dependent on surface flaws. This is widely regarded 
as the reason fibres in general are much stronger than bulk materials such as glass window panes. 
If the manufacturing conditions of fibres are such that surface dciccts are minimized then the 
strength of the fibres may well be independent of fibre diameter. It is not dear why modulus 
should be influenced by diameter. Perhaps the microstructure of carbon and aramid fibres is 
influenced by the diameter of the fibres. But it is clear from literature quoted above that fibre 
diameter is an important variable for the fibres themselves as well as for the composites that they 
are used in. 
Thomas(20) has shown that as the glass fibre diameter decreased from 51 to 6 
micrometres the tensile strength of composites with polyester resin increased from 1.4 to 3.2 GPa 
and with epoxy resin from 0.7 to 3.3 GPa. But he found that tensile modulus was independent of 
diameter. He attributed the increase in strength to fewer flaws in the smaller fibres and the greater 
total bonding area. Ramsteiner and Theyson(21) investigated the effect of increasing the 
diameter of short glass fibres above that of commercially available fibres with similar results. The 
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effect of fibre diameter on other properties of polymer based composites has also been 
investigatedC==Q'C's). The strength and toughness of Polyamide 66/E-glass composites were 
found to reach an optimum value and then decline again as the fibre diameter was varied from 13 
microns down to 0.5 micronsc"1. The fibre diameter seems to have no effect on the interface bond 
strengthC231 nor the debonding fracture energy""I. Adams and Short C2 found no change 
in the longitudinal shear modulus nor in the flexural modulus of polyester/ E glass fibre composites 
as the fibre diameter was altered from 10 to 50 micrometers. ThomasC10) could also find no 
relationship between flexural modulus and glass fibre diameter. 
133 Volume fraction 
As is predicted by the rule of mixtures, the strength of a unidirectional composite increases 
with fibre volume fraction. The maximum volume of fibres that can be packed unidirectionally in 
a matrix is 90.7% for hexagonal packing and 783% for a square array, however, fibre volume 
fractions greater than 70% are difficult to achieve with current prepreg technology. 
1.3.4 Fibre orientation 
Harriscl') has illustrated the effect of fibre orientation on both the strength and modulus 
of carbon fibre/epoxy resin composites. For the maximum composite strength and modulus the 
fibres should be parallel. Both strength and modulus values are reduced as the angle between the 
load and fibre orientation is increased from 0 to 90°. 
13.5 Fibre matrix intcrfacc i. 
The properties of a composite depend to a great extent on the fibre-matrix interface. The 
stresses acting on the matrix are transmitted to the fibres across this interface. The properties and 
morphology of the interface will be specific to the particular fibre-matrix system. This section deals 
with generalities that apply to all systems. More detailed information may be found in the books 
listed in chapter 8"'(5)(26). The strength of bond or adhesion between the fibre and the matrix 
may be attributed to five mechanisms according to Hull (': 
a) absorption and wetting. The surface energy of the fibre should be greater than that of 
the resin for easy wetting to occur. Therefore it is to be expected that glass and carbon fibres with 
surface energies of 560 and 70 MJ per square meter respectively(") should be easily wetted by 
polyester and epoxy resins with surface energies of 35 and 43 MJ per square metre respectively. 
Polyethylene has a surface energy of only 31 MJ per square metre and so the fibres need some 
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form of surface treatment to be wetted by these polymers. The surface energy of nylon 11 is 33 
MJ per square meter and that of nylon 6 is 39 MJ per square metre. 
Although the surface energy is a vital factor for the initial wetting of the fibre by the resin, 
they may well bear no relation to the final bond between fibre and resin. 
b) electrostatic attraction. Some contribution to the bonding between the fibre and resin 
may occur due to differences in electrostatic charge. Van der Waals forces and other low energy 
forces may also be involved. These phenomena are never critical factors in commercial composites. 
c) interdiffusion. A bond between two surfaces may be formed by the diffusion of 
molecules of one surface into that of the other("). 
d) chemical and hydrogen bonding. A chemical reaction between the fibre and the resin 
can result in extremely strong adhesion. In the case of composites made with glass fibres the 
increased bonding due to silane coating is often explained by the chemical bonding of the silane to 
both the glass and the matrix. In the case of composites based on carbon and thermosetting resins 
the improved bonding obtained by oxidizing the surface of the carbon fibres can also be explained 
by the chemical bonding. 
e) mechanical adhesion. Some bonding between fibres and matrix in composites will result 
purely from'the mechanical interlocking of the two surfaces. Good initial wetting of the fibres is 
clearly critical in permitting intimate contact between the two materials. 
13.6 Voids in the matrix 
Voids may be formed in composites- in several ways. The most common cause"". i IS 
entrapped air resulting from the failure of the resin to displace all of the air surrounding the fibres 
when the composite is made. Voids may also be formed from gas already entrapped in the resin. 
In the case of thermoplastic resins, voids may occur due to shrinkage of the matrix as it cools from 
the melt. As thermosetting resins cross link they may also contract and form voids. The final cause 
of voids occurs if a gas is evolved when the resin polymerizes during the manufacture of the 
composite". Naturally the presence of voids adversely affects composite integrity and strength. 
Chamis("" postulates that interlaminar shear strength is a good measure of bond strength between 
fibre and matrix, and so is very sensitive to the presence of voids at the interface. He has measured 
the effect of voids on the interlaminar shear strength (IISS) for an S-glass fibre resin composite 
over the range of 0.5 to 6% (by volume) void content"01. The ILSS decreased by about 50% 
in a linear fashion. 
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L4 Thermoplastic composites 
Prior to the OPEC price increases in the 1970's, there was little incentive for producing 
filled grades of thermoplastics. After the price of raw materials had increased dramatically, so did 
the usage of mineral fillers which were initially used to reduce the volume price of the end product. 
By 1980 in the U. S. A. over 10 percent of the one million tonnes of fillers used in the plastics 
industry found their way into thermoplastics. In principle there is no limit to the permutations of 
polymer and fillers which may be used to form a composite. However, only a limited range are 
of commercial use. 
Industrially useful filled thermoplastics can be classed into two broad categories. There 
are those based on cheap particulate mineral fillers whose primary function is to reduce the overall 
cost of the composite, but which may at the same time slightly improve the load bearing capabilities 
or impart special properties to the composite. The second category is made up of fibre or platelet 
filled polymers. Fibre reinforced materials are developed to exploit the properties of the stiff 
strong fibres and the plastic is chosen as a suitable binder which can be easily moulded. In contrast 
to thermosets, short fibres are far more popular than continuous fibres with thermoplastics. 
During the 1980's the trend has been towards developing higher performance filled 
thermoplastics that can be used in demanding structural and engineering applications. Both the 
fibres and polymers that have experienced the greatest growth rates have been high performance 
materials such as carbon fibres and PEEK (Polygthergtherketones), polyimides etc. The properties 
of, thermosets are largely determined by. the cross link density. This is particularly true of their 
resistance to elevated temperatures. A high cross-link density leads to a high deflection temperature 
but low strain to failure and poor impact resistance. The moisture absorbed by a polymer can act 
as a plasticizer and reduce the Tg. Thermosetting resins in current use typically absorb 1 to 5% 
moisture which can reduce the heat deflection temperature of a composite by up to 50%. 
High temperature thermoplastics like PEEK and PES (Polyethesulphones) are considerably 
better in this respect (31), even when used with aramid fibres. These newer and more elaborate 
composites provide the prospect of high temperature engineering components being mass produced, 
utilizing traditional thermoplastic processing techniques. 
At present and for the immediate future thermoset based advanced composites provide higher 
performance than thermoplastic systems, but at the expense of much more labour intensive 
fabrication. The skill required to produce continuous fibre reinforced advanced composites is also 
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much greater and hence more expensive than that required for thermoplastic composite production. 
Another problem is that thermoset based prepregs materials have a limited shelf life and are usually 
stored under refrigeration. Defective thermoplastic parts and waste such as runners, sprucs 'and 
flash can often be recycled e. g. by grinding and blending with fresh material. 
1.5 Energy absorption and damage tolerance 
As observed above, a prime objective of materials science is to maximize the specific 
strength and stiffness of the composite. But the material must also be tolerant to impact loading. 
At a recent conference on composites sponsored by NASA two papers were devoted solely to 
describing the need for tougher composites in the aerospace industries 12"3". Currently a 
maximum design strain of 0.003 to 0.0055 is imposed on most carbon fibre based systems. 
Toughness rather than stiffness to weight ratio is the limiting factor on wider use of polymer based 
composites in engineering applications. Preliminary design studies have indicated that when the 
toughness of composites can be increased to allow a design strain in excess of 0.006, it should be 
feasible to manufacture polymer composite based aircraft wings and fuselage structures("). Cost 
would be a larger factor in other industries, but the introduction of a process for improving the 
impact resistance of composites would clearly be of interest to most branches of engineering. 
To be of practical use in engineering applications a composite must be able to sustain some 
damage without undergoing immediate catastrophic failure. This is only possible if there is some 
effective form of energy absorbing mechanism built into the composite. Several methods have been 
tried in practice : - 
a) The use of an intrinsically tough matrix. Techniques for producing toughened epoxy 
matrices for use. with carbon fibres have recently been described by workers at BASF'"). Many 
thermoplastics automatically fall into this category when compared to typical thermoset matrices. 
Some manufacturers of both thermosets and thermoplastics go further, by using elastomers to 
modify the matrix e. g. DSM's (formerly marketed by MONSANTO) NYRIM glass filled Reaction- 
Injected-Moulded Nylon 6 is available only in rubber modified form for glass filled grades. 
Exceptionally tough grades of unfilled Nylon have been produced by blending with a rubber such 
as maleic anhydride grafted EPDM, but it should be noted that the improvements achieved using 
this technique with filled nylons have not been so marked. 
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b) The use of a relatively soft rubbery coating around the fibres which remains as an 
interlayer after the composite has been fabricated. This is sometimes''s'C'6) described as a 
method of reducing the stress concentrating effect of the fibres, especially under transverse loading. 
As this stress concentration is actually due to the large difference in moduli between the filler and 
matrix, and a relatively soft interlayer will tend to have an even lower modulus than the matrix, it 
seems intuitively more likely that for a given load the interlayer would actually increase stress 
concentrations. This aspect of stress concentration forms an important part of the study carried 
out during this project and will be discussed in more detail in chapters 5 and 6. Suffice to say here 
that any improvements in damage tolerance from this technique can more plausibly be attributed 
to crack stopping effects of the interlayer. 
c) Utilization of the energy required to debond the fibres and pull them out from the 
matrix. This is perhaps the most traditional approach. This has optimum energy absorption when 
the length of the fibres is identical to the critical length, L,. But the highest strength is obtained 
when Lf> >L, . The work of fracture as a function of fibre length has been calculated by Cotrell 
in 1964("1. His analysis is based on the assumption that fibres shorter than La will be 
completely pulled from the matrix rather than broken when a crack passes through. The energy 
absorbed is taken to be the sum of the work to debond the fibres and the friction losses as the 
fibres are pulled out. The following results were obtained: - 
for L<L, 
Energy = ____2 
) 
12 Df 
vif = Interfacial frictional stress 
(6) 
Df = Fibre Diameter 
L= Fibre Length 
Note that the fracture energy is proportional to L2. 
for L>Lo 
3 
Energy = Va jf 12DfL 
Now the fracture energy is proportional to i/L. 
When L= Lý, the maximum energy is given by 
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L2' 
Maximumm Energy= VQi f 12 Df. 
Note that in every case, as I, a 
is proportional to 
A 
the energy is proportional to Dt (fibre 
diameter). Recently this has been partially confirmed experimentally in Japan1"', where the 
toughness of nylon/glass composites was found to be a function of fibre diameter, increasing as the 
diameter was reduced to 7 microns, but then declining on further reductions in fibre diameter. 
There is also evidence indicating that composites with poorly dispersed fibres are tougher than 
those with well dispersed fillers; bundles of agglomerated filaments may act as one fibre of large 
diameter. However, this analysis ignores the work done on propagating the crack through the fibre, 
matrix and the energy of debonding. While these are often low in cases of practical interest, this 
is not always the case. Carbon and glass fibres are brittle, but aramid or UHMWPE fibres may 
well require significant work to fracture; some matrices are intrinsically tough. 
d) Applying a weak bond or interlayer between the fibre and the matrix. An advancing 
crack tip causes debonding to occur just before the crack reaches the fibre and so a crack blunting 
mechanism increases the energy absorbed before failure. A mathematical analysis of the tri-axial 
stresses involved has been put forward by Cook and Gordon (38) 
e) Producing a "hybrid composite". This is perhaps the most recently developed technique. 
In order to achieve high values for the stiffness and strength of a short fibre composite, it is 
necessary to use long fibres, well bonded to the matrix. For maximum toughness, on the other 
hand, it is desirable to have a weak interface or use fibres having a length L<Lc. In a moulded 
component, of course, there will be a fibre length distribution, and so :. ne can expect a degree of 
toughness enhancement due to the presence of a proportion of short fibres. However, if the fibres 
happen to be relatively expensive e. g. carbon, it is thoroughly uneconomic to use 
.a 
proportion of 
them for toughening the composite. In this case, it would be much more advantageous to ensure 
that the expensive carbon fibres are fully exploited to stiffen and strengthen the composite, while 
using a much cheaper fibre for toughening purposes. This is the concept of hybrid composites and 
which has been successfully applied to improve the properties and cost effectiveness of continuous 
fibre composite components""). 
The use of intimately mixed carbon and glass fibres for improving the overall properties 
of a short fibre reinforced composite has also been advocated by Richter ý`° . 
His results 
-17- 
9 
indicate that the change in composite properties corresponds approximately to the change in 
proportions of the two fibre species. However, both species of fibre were sufficiently long (2-4cm) 
to ensure effective load transfer from matrix to fibre during composite loading. The observed 
improvement in work of fracture is probably due to the higher strain to failure of the glass fibres 
compared to carbon, rather than fibre pull-out. There is a great deal of scope for tailoring 
composites to specific design requirements by mixing together the various types of fibres that are 
currently available. 
All the above techniques leading to increased fracture toughness will also reduce the 
stiffness and or strength of the material to some extent. The hybrid composite technique suffers 
least from a reduction in mechanical properties. 
In the case of d) where a weak bond or interlayer is applied to the filler, the weak interface 
leads to poor load transfer from the matrix to the fibres. In fact one of the most successful 
variants of this technique from the point of toughness used silicone oil as a viscous interlayer 
between fibre and matrix"". As one might expect, this does little for most other mechanical 
properties. Mai has also reported that an intermittent coating of silicone oil together with "Polyols" 
(of the type used to produce polyurethane) on carbon or aramid fibres allows useful improvements 
in toughness without such drastic reduction in tensile strength"'. 
1.5 Aims of this Investigation 
The primary objective of this work was to establish experimental methods and theoretical 
models whereby the stiffness, strength and toughness of a, composite may be optimized by means 
of applying an energy absorbing interlayer to the fibres. i. e. method b) above. It was hypothesized 
that significant improvements in toughness might be obtained without making an unacceptably large 
sacrifice in stiffness or structural strength by tailoring the interface to suit the matrix/fibre 
combination in use. In this project the experimental work was concentrated on producing 
polyamide/short glass fibre composites and using ultra high molecular weight polyethylene 
(UHMWPE) as an energy absorbing interlayer. UHMWPE was selected as the interlayer material 
because it is the most ductile of all thermoplastics, and is extremely tough over a wide temperature 
range (<-195°C to 130°C). This ductility is very important because of the plain strain conditions 
which pertain at the interface. 
Many applications of polyolefins make use of their low chemical reactivity and low affinity 
to other materials. Thus a subsidiary objective was to develop a suitable technique for bonding the 
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UHMWPE to both polyamides and to glass. And so the need arose to develop a technique for the 
rapid evaluation of interfacial bond strengths. 
The Finite Element method (FEM) was selected as the theoretical modeling technique to 
use. A program was available from Dr. V. Nasschi of the Chemical Engineering Department of 
this University which had been developed to model the flow of fluids using the Navier Stokes 
equation. These have an identical constitutive equation to models used to describe the mechanical 
behaviour of elastic materials. This program was adapted to model the micromechanical behaviour 
of composites. It was also found convenient to rewrite the program to run on IBM compatible desk 
top type computers, although their memory and CPU capacities naturally limit the size and 
complexity of the situations which can be modeled. 
The objective here was to prove the accuracy of the FEM model against both existing 
analytical models and standard composites. And then to use the computer to predict the behaviour 
of composites produced from fibres which had been tested with a ductile interlayer. As the 
computer model could not predict the influence of energy absorption through plastic deformation, 
a physical model or analogue in the form of microscope slides bonded to a matrix via an interlayer 
was developed to assess these effects. 
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CHAPTER 2 
Owing to the interdisciplinary nature of the project it has been necessary to conduct the 
literature review over a wide range of subjects. The first two sections describe published work 
concerning the theory and practice of using ductile interlayers to modify the mechanical behaviour 
of composites. The third section describes current knowledge of UHMWPE and its gels, as these 
were the preferred medium for applying an interlayer to a substrate during the practical work of 
this project. The final section briefly describes recent developments in the techniques for bonding 
thermoplastics in general, and polyolefins in particular, to glass fillers. 
2.1 Interlayers in Composites 
This section reviews the experimental work that has been carried out using polymer based 
composites. 
One of the earliest attempts to improve the toughness of a composite by providing a 
rubbery interlayer around the fibres took place at Loughborough University in the early 1970's. 
Enever(") coated carbon fibres with a layer of PU rubber applied from solution. He used the 
coated fibres to produce reinforced epoxy resin based composites. This resulted in a three fold 
improvement in toughness as measured by "Charpy" impact tests. - However, considerable practical 
processing problems were encountered, including a very short pot life. The flexural modulus fell 
by about 20% whilst the shear strength declined by as much as 40%. 
Little further work in this area was reported until after the publication of a theoretical 
paper by Broutman and Agarwal("1 in 1974, which is discussed in section 2.2. This has 
stimulated practical work with both continuous and short fibre composites. 
The work of Pfeiffer and Nielson (45) using latex coated glass fibres confirmed that the 
impact strength of a composite is a function of the interlayer modulus, thickness and Tg. See figure 
2.1. The interlayer thickness was controlled very accurately by electrostatic repulsion of rubber 
particles. The best conditions were found to improve toughness by a factor of six. Schlund and 
Lambla(461 also coated glass fibres, which they produced from molten glass, with silane 
impregnated latex of various types and thickness. An epoxy matrix was used in every case, and the 
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Figure 2.1 Impact strength as a function of interlayer 
thickness and Tg. 
Notched Izod Impact Strength (ft/Ib) 
3 
............. 2,5 
2 ............. 
1.5 ............ 
1............. 
01I11 
0 0.1 0.2 0.3 0.4 0.5 
Rubber Inter layer Thickness (microns) 
PVC PMA PEA PBA 
Data taken from D. G. -PFEIFFER (References 45,45a) 
PVC = Poly(vinyl chloride). 
Mean particle diameter= 900 angstrom Tg = 80°C 
PMA = Poly(methyl acrylate). 
Mean particle diameter=1100 angstrom Tg = 10°C 
PEA = Poly(ethyl acrylate). 
Mean particle diameter=1000 angstrom Tg =-14°C 
PBA = Poly(butyl acrylate) 
Mean particle diameter=1000 angstrom Tg =-56°C 
o, tl 
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Epon 815) matrix. 
properties were compared with commercially available PU coated glass fibres. These authors did 
not measure toughness directly, but found that the mode of failure as examined by SEM on fracture 
surfaces produced from 3 point bending tests was strongly influenced by the interlayer. They also 
noted that an uneven patchy coating resulted in similar properties to the control tests with no 
interlayer. More recently Gerard"" coated oxidized carbon fibres with butadiene acrylonitrile 
copolymer solution, using an on line filament winding process. He reported a qualitative 
improvement in impact properties with little degradation in other properties, and also found that 
there is an optimum thickness for the fibre coating. 
Electropolymerisation has also been used to deposit and accurately control the uniformity 
and thickness of an interlayer on fibres. The fibres act as an electrode and so the process is limited 
to carbon fibres which are conductive. Chang, Bell and Joseph (481 used this method to 
copolymerize methyl acrylate and acrylonitrile onto carbon fibres in various ratios to investigate the 
effect of interlayer modulus and thickness. The Izod impact resistance (ASTM 256) appeared to 
fall initially when a very thin (<0.1 micron) interlayer was used, but then rose to a maximum before 
declining to a value inferior to that of the uncoated fibres. They found that the interlaminar shear 
strength (ILSS) behaved in exactly the opposite way, reaching a peak with a thin interlayer and then 
falling to a value dependent on the adhesion between the matrix and the interlayer. The actual 
moduli of the interlayers used are not quoted, but the best impact properties occurred with a rubber 
like interlayer that gave an improvement of about 30% relative to untreated fibres, and also gave 
marginally better IISS results. Subramian and Crasto("" have also reported improved toughness 
after using, electrc opolymeiisation to form a ductile intcrlayer of. butadiene/maleic anhydride 
copolymer, while Wimolkiatisak and Bell"" have electrodeposited interlayers based on 
acrylonitrile and other monomers. 
Obtaining a good bond between the interlayer and matrix is one of several potential 
problems with the interlayer technique. Using a toughened or very flexible layer of the matrix resin 
as the interlayer is an obvious technique to ensure adhesion and has been used for both 
carbon(51) and glass(" fibre/epoxy systems. 
Schwartz and Hartness"l) used both nylon modified (single phase) and elastomer modified 
(two phase) epoxies to produce prepregs. The coating was carried out by passing the fibres through 
a bath containing a solution of the interlayer. They measured the fracture toughness with the 
double cantilever beam method but obtained ambiguous results with respect to the effect of the 
interlayer. Their SEM micrographs indicate that the interlayer should have improved toughness, 
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but there was little difference in the tensile properties between coated and uncoated samples. 
Tryson and KardosC") used a nylon modified epoxy to form an outerlayer on E-glass fibers which 
were then used in a conventional epoxy composite. They did not report results for toughness, but 
found significant improvements in other properties, e. g. the ILSS was up by 40% and torsional 
fatigue increased by a factor of 10. 
Shelton and Marks 5 subjected glass fibre filled epoxy resin to impact loadings and 
then used high resolution X-radiography to compare the crack propagation through samples with 
and without ductile interlayer. They found that both the mode of failure and the crack propagation 
were profoundly influenced by the interlayer, but no quantitative results are reported. 
All the cases mentioned so far have used thermoset matrices. The use of interlayers for 
the specific purpose of optimizing impact strength in thermoplastic composites has only been rarely 
investigated experimentally to date. There is of course less to be gained since many thermoplastic 
matrices are already at least partially ductile so that dissipation of crack energy by plastic 
deformation is much more significant than with thermosets. However this becomes progressively 
less true as cryogenic temperatures are approached. Very few thermoplastics are ductile under 
plane strain conditions which can exist in composites. 
Plueddemann'54 examined the adhesion of a range of thermoplastics to SBS 
thermoplastic rubber coated glass microscope slides, using silane coupling agents. He then 
examined the effect of a thin latex interlayer on the properties of 35% v/v glass filled 
polypropylene. Injection moulded bars showed no improvement in impact properties, but 
compression moulded laminates gave up to 150% greater toughness (Izod) at a cost of about 10% 
loss in flexural strength. Again, increasing the thickness of the interlayer did not improve toughness 
but drastically decreased stiffness and strength. 
More recently Piret has patented a technique for applying a rubbery interlayer to glass 
fibres for use in polyamide 6/66 composites"". Essentially the method consists of extruding a 
thermoplastic rubber through a'r shaped die while a glass fibre yarn is hauled through the die at 
up to 600 metres per minute. He claims that an optimum rubber addition of about 4% does not 
reduce flexural strength nor other mechanical properties, but does enhance toughness. It is further 
claimed that Gardner (falling weight) impact tests show a 40-60% increase in toughness using 
Ethylene Propylene copolymer as the rubber and that a mixture of EP copolymer and HDPE give 
a synergistic increase in toughness. A Japanese patent") also describes the use of both solution 
coating techniques and a yr shaped die to rubber coat fibres. 
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Fibre manufacturers usually apply a size to their product as soon as it is formed. This is 
intended to improve the handling and perhaps the wettability of fibres during fabrication. Although 
this size may initially be of comparable thickness to the interlayers mentioned above, it probably 
melts to form a dilute blend with the matrix during processingt5° 11"'). 
Numerous authors (57 61) have investigated and reported the effects of the fibres 
themselves on the local morphology of a thermoplastic matrix. As early as 1971 Hobbs(") noted 
that melt processed polypropylene formed columnar spherulites (often referred to as 
transcrystallinity) to a distance of about 2 fibre diameters around carbon fibres. Studies of the 
growth of nylon 6, polymerized in situ from caprolactam, around various fibres have shown similar 
results"". Burton and Folkest") have also confirmed this effect with melt processed nylon 
66 with aramid as well as carbon and glass fibres. The uniformity of the growths along the fibre 
are related to the type of fibre and the size (coating) used. Aramid fibres are the most effective 
nucleating agents for transcrystallinity, carbon fibres appear more variable (perhaps due to 
variations in the size used on different grades), and glass is the. least efficient of the three. 
Whilst it is clear that these unplanned interlayers of highly crystalline anisotropic material 
will have an effect on the macroscopic properties of the composite, there is some debate as to 
ertý 
whether this is a good or bad effect overall. Bessell and Sh a (5e) and Bessell et al. "') have 
shown that fibre pull-out can occur at the junction of the fine spherulitic material and the main 
matrix, rather than at the fibre itself. Folks and Wong (61) investigated transcrystallinity in 
glass/ polyethylene composites and also suggested the locus of failure around the single fibres 
observed-- occurs between the transcrystalline sheath and the matrix rather than at the. fibre: This 
indicates that this junction is a weak point in the composite. 
Amorphous thermoplastics can also undergo morphological change at and in the region of 
the interface. Kardos"2Jreported substantial increases in the strength of polycarbonate carbon 
fibre composites following an annealing procedure after fabrication. This is attributed to the 
modification of the matrix morphology around the fibre. 
22 Theoretical analysis of the effect of interlayers 
The shear lag theory, as developed by Cox"), assumes that a composite consists of only two 
distinct materials viz the filler and the matrix. There are two reasons for analyzing the more 
complex situation where there are one or more interlayers of distinct mechanical properties: 
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a) This is a more realistic description of real composites. In the case of crystalline 
thermoplastics, there is plenty of evidence to show that the matrix is modified close to the filler due 
to nucleation effects etc. Furthermore, all commercially available reinforcing fillers, for both 
thermoplastics and thermosets, have some form of surface modification applied to improve adhesion 
and processability. This makes it improbable that the final composite will consist of a matrix which 
is homogeneous up until the boundary with the filler. In the case of polymeric fibres such as 
aramids, there is some cause to believe that the outer parts of the fibre itself may be regarded as 
an interfacial layer with a distinct morphology and mechanical properties different to the core of 
the fibre(63). 
b) There have been many attempts to improve impact and other properties of composites 
by deliberately introducing a soft or ductile interlayer. A modified model could both explain results 
found to date and predict what type of interlayer properties might best improve the resultant 
composite. 
There have been few attempts to produce analytical solutions to this problem, and these 
are restricted to the case of a single thin interlayer"') ""') (66 ). These have the disadvantage 
relative to FEM that they cannot readily adapt to differing filler geometries and loads, and in the 
case of more complex interlayers do not work at all. The FEM approach takes a long time to set 
up in the first place, but then facilitates rapid investigation and simulation of a variety of material 
and geometric configurations. 
Broutman and Agarwal(") carried out the first investigation of the effect of an interfacial 
layer on the mechanical properties of a composite using Finite Element analysis, The program used 
by these authors was originally written in 1963, and so was almost certainly based on the finite 
difference method. They suggested that the toughness of a composite, as measured by the strain 
energy absorbed, can be maximized by selecting an interphase of suitable modulus and thickness. 
Subsequently several workers produced practical results that were consistent with this work. 
Although no further work has been subsequently reported where finite element analysis is used 
specifically to investigate interlayers, the finite element method has been applied to numerous 
related aspects of the micromechanics of composites: 
Sun and Wuc67) investigated the stress distribution at the interface of a short fibre filled 
composite, taking into account fibre end geometry. Soc" also analyzed interfacial stresses, and 
compared the results with photoelastic test results. 
-24- 
Ostrowsld, Will and Piggott169I investigated the effect of Poisson's stresses on the stress 
distribution throughout a composite, including the interface. They found that these stresses are in 
general very much smaller than those induced by polymer shrinkage during the manufacturing 
process. The model used by Broutman and Agarwal""> also indicated that varying the Poisson 
ratio of the materials between 0.2 and 0.45 had a negligible effect on the overall composite 
properties. On the other hand, Arridgec70) used numerical analysis to produce results suggesting 
that an interface of both low Poisson's ratio and low shear modulus would minimize transverse 
stress concentration factors in a fiber composite. 
Recently, Guild and Young"'I have used a powerful FEM model to predict the 
properties of polymer composites. The model was applied to an epoxy resin filled with glass 
spheres, and the stress distributions in the matrix were calculated. Their model has also been 
applied to a rubbery (and hence almost incompressible) phase enclosed in a glassy matrix to model 
rubber filled epoxy resin("). However no attempt was made to determine the influence of an 
interlayer on the stress distribution or composite properties. 
UHMWPE is produced using Ziegler-Natta catalysts in a very similar process to that used 
to make "high density" polyethylene. In fact there is chemically no difference between the two 
materials other than the molecular weight. The properties and applications of UHMWPE have 
been reviewed in a paper"') sponsored by HOECHST, a European manufactuzer. The material 
has outstanding impact resistance, especially at low or cryogenic temperatures. The wear resistance 
and coefficient of friction are also very attractive, being similar to that of another "ultrahigh" 
molecular weight polymer, PTFE. The melting point of UHMWPE is only marginally higher than 
that of HDPE(") so that the material has very few high temperature applications. 
It is well known that the zero shear viscosity, µ, of polymers increases with the weight 
average molecular weight, MW, in the relation µ= K(M, r)" where " is equal to 3.4 and 
K is a 
constant depending on the polymer considered"". The big disadvantage that UHMWPE has 
relative to HDPE, and indeed to most other commercially useful thermoplastics, is that due to the 
high melt viscosity it cannot be melt processed in the usual ways. The material may, however, be 
compression moulded at temperatures over 215 *C. 
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There are several possible methods for applying a coating to fibres, as was mentioned in 
section 2.1. However, in the case of UHMWPE any technique which depends on melt processing 
is unsuitable due to the extremely high melt viscosity of this polymer. Several other possibilities 
were tried or considered as will be explained in Chapter 4, but processing in conjunction with 
solvents proved to be the most practicable. route to obtaining coated substrates. UHMWPE is 
capable of forming thermoreversible gels from solution, hence the purpose of this section is to 
review the literature on this class of gels, with particular emphasis on UHMWPE. 
Macromolecular gels are networks of macromolecules imbibed with a solvent, with chain 
continuity throughout the entire macroscopic sample. In traditionally studied systems the junctions 
of these networks are chemical and hence permanent. Thermoreversible gels on the other hand 
have junctions which are physical in nature. It has been shown that the physical associations that 
produce these gels are in fact crystals that comprise only a relatively small portion of the polymer 
chains (76) (77 7e) (79) (eo) ("). These small crystallites form when a solution of 
the polymer is cooled and on re-heating they dissolve and so the network vanishes. Thus the 
gelation and dissolution is repeatable on heating and cooling and hence the term "thermoreversible 
gel". 
There are two distinct classes of thermoreversible gels. 
Class I: These form under quiescent conditions under very high supercoolings i. e. at 
temperatures below the formation of traditional chain folded crystals. So far not many polymers 
have manifested the ability to undergo a sufficient degree of supercooling to produce gels of this 
type. These gels are formed from solutions of, concentrations in the rangt of 1-10%. Isotactic 
Polystyrene(76) and PVC(") (°') are examples of polymers which can form Class I gels, which 
were first reported by Walter (83) in 1954. Many copolymers also form gels of this type although 
their constituent homopolymers may not""(eo""'). In fact it has been suggested that isotactic 
polystyrene and PVC can be regarded in this context as copolymers because of stereo irregularities 
and some head to head placements of monomers"). Class I gels have been extensively studied 
but are not of direct relevance to this project. 
Class II: These differ principally from class I gels in as much as they may only be produced 
from solutions which have been subjected to agitation or flow. These gels were first reported in 
the mid 1970's by Rehage"". 
When a solution of a (semi-)crystalline polymer is cooled, it is normally expected that the 
solution becomes turbid as lamellar crystallites precipitate out of the solvent. Solutions capable of 
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forming class II gels will behave in this way, unless they have been stirred or subjected to sufficient 
strain shortly before cooling. Under the latter conditions however, three distinct stages can be 
readily observed: 
a) Agitation or flow without visible gel formation, though this stage must produce a 
"precursor" for a gel 
b) As the (now) quiescent solution cools it sets to a transparent gel 
c) On further cooling the gel becomes opaque as the customary crystallites form. 
On reheating the entire process may be reversed. In contrast to Class I gels, Class II gels 
form at low degrees of supercooling, and the gel melts at a higher temperature than the 
corresponding lamellar crystals""): This implies that the physical junctions that form a Class II gel 
are more perfectly formed fibrillites than the lamellar crystals which melt at a lower temperature. 
Thus Class I gels have lamellar crystals as their physical junctions while Class II gels have the more 
stable fibrillar junctions. 
Barham, Hill and Keller(811 have carried out carefully controlled experiments with 
UHMWPE to confirm that Class II type solutions are incapable of forming a gel without the 
agitation or flow induced strain. They further observed that when the stirred solution was stored 
isothermally at an appropriate pre-gel temperature (around 135 °C for UHMWPE) it would lose 
its ability to form a gel on further cooling over a matter of hours. 
Most of the literature on Class II gels refers to gels produced from UHMWPE, although 
gels from ultrahigh molecular weight polypropylene both alone and blended with UHMWPE have 
also been reported"' (87)(88. ) °. The. polypropylene used also has - an extremely high 
molecular weight of around 4.4 x 106, similar to that of UHMWPE (approx. 6.0 x 106). 
") UHMWPE gels of this type can be used to produce remarkably high modulus fibers(. 
Smith and Lemstrac7e)(B7)(") have described a continuous process by which fibres of modulus 
around 100-160 GPa and tensile strength of 4GPa can be obtained from a "pre-cursor" solution of 
a class II gel. Various solvents are reported as being used in the production of these fibres 
including paraffin-oil"')(90"91), decalinc"6)(9'), toluene"91 and dodecane(°'). Decalin is 
a common name for Decahydronapthalene. 
Gel crystallized UHMWPE can be extruded and stretched to high draw ratios at a 
temperature of around 140°C making it feasible to melt process filled and unfilled grades of this 
material by using the gelation process to align and plasticize the material'. 
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2.4 Adhesion to glass 
The performance of glass filled composites is largely determined by the strength and 
durability of the bond between the fibres and matrix. So it is not surprising that a massive amount 
of research effort has been directed towards understanding this area of composites. The strength 
of the interface between glass and a resin may be due to several or all of the mechanisms which 
were mentioned in section 1.2.5 above. The strength of bonding between glass fibres and 
thermosetting resin in particular has been greatly enhanced by the use of silane coupling agents. 
Virtually all glass fibres that are now commercially available have been treated with some form of 
silane coupling agent. In fact the only non silane materials that have achieved any commercial 
success as coupling agents are chromium complexes sold under the trade name "VOLAN" by Du 
Pont(94). Plueddemann has reviewed in detail the use of coupling agents for glass polymer 
composites"" and also described the history and full range of current applications of silane 
coupling agents"'). Ishida has also carried out a comprehensive review of aminosilane coupling 
agents(97). 
Before considering the methods that have been used to improve the bonding of polyolefins 
and polyamides to glass it is worthwhile to examine modern techniques for measuring bond strength. 
Single fibre tests have received a lot of attention in recent years. The tests simulate failure 
modes in actual composites but are experimentally challenging because of the small diameter of the 
fibres. In one such test a single fibre is embedded in a block or film of resin. The sample is 
loaded in tension in the fibre direction until the-fibre break-, 'into . "critical length" size 
fragments. 
The mean size of the fragments is usually taken to be the critical length which is inversely 
proportional to the interfacial shear strength, as indicated in section 1.1 above. This test was first 
reported in 1972(98) and has been used to study the adhesion between thermosetting and 
thermoplastic resins to both glass and carbon fibres(9')(100)(101)c102). Another 
popular technique is the single fibre "pullout" test. A small length of fibre is embedded in a block 
of resin and the force needed to extract the fibre is measured. In a variation of the test the fibre 
is embedded in a thin disc of resin and the disc is pushed down the fibre. This has also been used 
to study a variety of resins adhering to glass and carbon fibres"lo>>«04>(l°5). 
However, not all authors are satisfied that the single fibre tests give information which is 
directly relevant to the performance of commercial composites. One alternative approach is to 
measure the mean aspect ratio (and hence critical length) of broken fibres in a composite test 
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specimen after it has failed( ... 1. This technique has been used to compare different sizes in 
Polyethylene glass composites""'. 
Plueddemann(54"28 (96) uses glass microscope slides as a rapid qualitative comparison of 
the effectiveness of sizes. He reports that in general there is very good correlation between the 
adhesion observed in microscope slide tests. and the performance a silane will provide in mineral 
filled elastomers or resins, in spite of the fact that microscope slides are usually made from A-glass 
rather than the types used in composites. Perhaps this is because all the glasses used arc largely 
based in SiO2 (See Chapter 1, Table I) and the coupling agents are developed to bond to this oxide, 
via the hydroxyl groups on the surface. 
In this work we are primarily concerned with obtaining a good bond between glass and 
thermoplastic materials, in particular polyethylene and polyamides. Very few glass fibres are 
available commercially which have a size applied by the manufacturer specifically to enhance 
bonding to a thermoplastic matrix. The sizes are almost invariably applied with the intention of 
providing good adhesion to the more common thermoset matrices. In fact the great majority of 
- silanes in reinforced thermoplastics involve systems where there is no firm evidence of chemical 
reaction between silane and polymer. Although thermoplastics do not undergo chemical reactions 
during moulding and forming operations they may be divided into broad classifications of reactive 
and non reactive polymers("). Reactive polymers in this context arc those which contain functional 
groups such as an ester, carboxyl, hydroxyl, halide, or an amide that could react quite readily with 
another organofunctional group at moulding temperatures. Using this classification polyethylene 
is unrcactive and therefore difficult to bond whereas the opposite is true for polyamides. `. "='. 
Vinylsilancs coated on glass are known to graft to polyethylene during injection 
moulding""", and these have been used on particulate fillers in cross linkable polyethylene 
coverings to insulate power cables. Even though they graft to thermoplastic polyethylene they do 
not perform as well as other non grafting silanes, in thermoplastic polyethylene composites(" 1-9' 
131' Azido-functional. silanes are known to react to polyolefinsand 
Polystyrene(111) at moulding temperatures through an insertion reaction into the C-H bonds of the 
polymer. Recently it has been confirmed that Azidosilanes are capable of producing good 
properties in glass sphere filled HDPE"i1°"('1')(... )cll. ). These were briefly marketed 
for use with polypropylene composites, but are no longer available in the U. K. 
Successful bonding of thermoplastics can occur without chemical bonding when the silane 
and the polymer are highly compatible. The performance of an organofunctional silane in this 
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respect can be readily predicted by comparing the solubility parameters of the silane and the 
thermoplastic matrix. ' coupling through solution compatibility is most effective with amorphous 
materials such as polystyrene but is less successful with crystallizing polymers such as the 
polyolefins(lls). 
Non chemical bonding of thermoplastics to glass may also be brought about by forming an 
interpenetrating network (IPN) between a silane and the matrix. Gähde compared amine-, 
methacrylate-, and vinyl functional silanes in a clay filled polyethylene. Chemical grafting was 
observed only with the vinylsilane but the methacrylate silane gave the most effective coupling''° . 
Plueddemann and Stark (211 have also described the effectiveness of IPNs in coupling polypropylene 
to glass beads. 
Polypropylene is used much more frequently than polyethylene to produce glass filled 
composites commercially. This is reflected in the relative amount of work published in the 
literature. But in general it is to be expected that techniques which are effective for one will 
produce similar results for the other. Meyer and Newman(116) blended polypropylene with 
small amounts of a solid chlorinated paraffin, using magnesium oxide to act as a stabilizer and 
scavenger for HC1, and then injection moulded mica filled composites. They used no silane on the 
filler but reported improved performance when the dwell time in the injection moulding machine 
was sufficiently long. Hartlein( 117 also used polychlorinated organic compounds with 
polypropylene and an amine functional silane to produce very good bonding. However, the resulting 
composite was very brittle, which may be due to excessive cross linking, but may also be a result of 
exceptioxally good bonding as an increase in bond strength may actually reduce toughness in some 
circumstances. 
Godlewski and Osterholta' 112 have described the use of a vinyltrialkoxy silane combined 
with a small amount of dicumyl peroxide to improve the bonding of polypropylene and mica. This 
technique may also be extended to glass""'. In 1988 Union Carbide released silane blends based 
on this patent' ... I under the trade names UCARSIL PC-1A/PC-1B in the UK for evaluation with 
injection moulded glass and mica filled polypropylene. Plueddemann 121 ) has combined the effects 
of a peroxide and a chlorinated paraffin with a reactive silane to bond glass to polypropylene almost 
as effectively as an azidosilane. 
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CHAPTER 3 
3.1 A Brief History Of The Method 
The term "Finite Element Method" was first used by Clough in 1960(11B) in a paper on 
plane elasticity problems. 
The finite element method is a numerical analysis technique for obtaining approximate 
solutions to a wide variety of engineering problems. The technique was originally developed in the 
1950s by engineers to study the stresses in complex airframe structures. This early technique is now 
known as the direct finite element method or the "displacement" method. It is based on an 
engineering analysis of the problem. A typical procedure is as follows: 
a) construct a force balance on a joint; 
b) apply a known constraint e. g. energy must be at a minimum for equilibrium; 
c) repeat the process until every element has been solved. 
There are some problems with this technique as it is not always obvious what the discrete element 
should be and one cannot apply it to complicated situations like fluid flow or plastic deformation 
because it cannot be said that the total potential energy must be at a minimum. Nevertheless, many 
commercial programs for use with civil or structural engineering problems based on the 
displacement method are successfully used today. 
A second finite element method based on variational calculus was developed in the 1960s 
by mathematicians. The displacement method can be regarded as a sub set of this technique 
although the two have been developed completely separately. Variational calculus was invented by 
mathematicians such as Euler and Lagrange. It is much better at handling boundary conditions. 
This more powerful technique has been applied to the broad field of continuum mechanics where 
a continuum is defined as a body of matter (solid, liquid or gas) or simply a region of space in 
which a particular phenomenon is occurring. This technique can solve any problem which may be 
reduced to the form of the Euler Lagrange equation shown below. In general all problems in solid 
mechanics and many in fluid mechanics fall into this category. 
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Figure 3.1 Mapping to isoparametric element using shape 
functions 
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A well known example of the variational principle is the proof that the shortest distance 
between two points is a straight line. This is demonstrated in most mathematics text books(u9". 
An important advance in FEM that was introduced at about the same time as the 
variational calculus was the isoparametric element, which is generally attributed to Taig(10) and 
Irons"'". This notional element has standard co-ordinates and dimensions. The problem need 
only be solved once for this element and the solution is applied to all other elements by mapping 
them onto the one idealized element. The key point of isoparametric elements is that the "shape" 
functions which map the actual elements onto the idealized element also define the approximation 
functions. 
The mapping of an element on to a standard isoparametric element using shape functions 
is shown in figure 3.1. The isoparametric element is taken to be a square with coordinates (1,1), (1, - 
1), (-1,1) and (-1, -1) in a domain where the axes conventionally known as rl and 4 correspond to the 
y and x axes of the elements in the mesh specified by the user to describe the problem. 
There is a third technique sometimes known as the universal method which has also been 
developed by mathematicians. As the name implies this technique is claimed to be able to solve 
any problem which can be expressed in terms of differential equations with appropriate boundary 
conditions. This technique is rather more complicated and is not relevant to the program used 
in 
this research. 
In continuum problems of any dimension the field variable (such as pressure, temperature, 
displacement, stress or some other quantity) possesses an infinite number of values because it is a 
function of each generic point in the body or solution region. Consequently the problem is one of 
an infinite number of unknowns. The finite element discretisation procedure reduces the problem 
to one of a finite number of unknowns by dividing the solution region into elements and expressing 
the unknown field variable in terms of assumed approximate functions. These approximate 
functions are often referred to as interpolation or, where isoparametric elements are used, as shape 
functions. They are defined in terms of the value of the field variables at specified points called 
nodal points or nodes. 
The nodal values of the field variables and the interpolation functions for the elements 
completely define the behaviour of the field variables within elements. For the finite element 
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Figure 3.2 Illustration of how any triangular shape may 
be modeled using quadrilateral elements 
k 
representation of a problem the nodal values of a field variable become the new unknowns. Once 
these unknowns are found the interpolation functions define the field variable throughout the 
assembled elements. The degree of approximation will depend not only on the size and number 
of elements but also on the shape functions selected. Clearly we cannot chose functions arbitrarily 
because certain compatibility functions must be satisfied. Often functions are chosen such that the 
field variable and/or its derivatives are continuous across adjoining element boundaries. 
An important feature of the finite element method which sets it apart from other 
approximate methods is the facility to formulate solutions for individual elements before putting 
them together to represent the entire problem. Thus if we are treating a problem in stress analysis, 
we can find the force displacement of stiffness characteristics of each element and then assemble 
the elements to find the stiffness of the whole structure. In effect the finite element method 
reduces a complex problem to a series of greatly simplified problems. 
32 General overview of the procedure 
Regardless of the approach used to find the element properties the finite element method 
always follows an orderly step by step process to solve continuum problems. These steps are listed 
below in order to summarize in general terms how the finite element method works, and with 
particular reference to the program developed here to study the micromechanics of composites. 
This is listed in Appendix 1. 
32.1 Discretisation of the continuum 
The continuum is divided into elements. A variety of element shapes may be used and 
different element shapes may be used within the same region. Throughout this work quadrilateral 
elements are used. There has been some discussion in the literature as to the pros and cons of 
triangular versus quadrilateral elements. Some people contend that a triangular element is merely 
a degenerate quadrilateral element. As is indicated in Figure 3.2 any shape which may be suitable 
for a triangular element can be represented by several appropriate quadrilateral elements. Although 
the front routine (see section 3.5.7) used here is capable of dealing with any mixture of element 
shapes and types, great care is required in programming and using different element shapes within 
the same region, and the extra complexity involved would yield no obvious advantage to the problem 
considered here. 
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322 Selection of the interpolation functions 
Nodes are assigned to each element and then shape functions are selected to represent the 
variation of the field variable over the element. The field variable may be a scalar, vector or a 
tensor. Usually polynomials are selected as shape functions as they are easy to integrate and 
differentiate. The degree of the polynomial chosen depends on the number of nodes assigned to 
the element, the nature and number of unknowns of each node and the continuity requirements 
imposed at the nodes and along the element boundaries. These unknowns at the nodes may be the 
magnitude of the field variable as well as the magnitude of its derivatives. 
3.23 Definition of the element properties - 
Once the finite element model has been established by selecting the elements and shape 
functions the matrix equations expressing the properties of the individual elements must be 
determined. In this project the weighted residual (Galerkin) approach was used. 
32.4 Assembling the element properties to obtain the system equation 
In this step the matrix equations expressing the behaviour of the individual elements are 
combined to form matrix equations expressing the behaviour of the entire solution region or system. 
These equations for the system have the same form as those for an individual element but have 
many more terms because they include all the nodes. Boundary conditions are introduced to the 
global assembly matrix. The basil for assembly procedure stems from the fact that at a node where 
the elements are interconnected the value of the field variable is the same for each element sharing 
that nodel"ý . 
32.5 Solving the system equations 
The assembly process gives a set of simultaneous equations which are then solved to obtain 
the unknown nodal values of the field variable. If the equations are linear a number of standard 
solution techniques can be used; if they are non-linear the solution is more difficult but several 
approaches are available 12' ). 
32.6 Performing additional computation 
Sometimes the solution of the system equations is used to calculate other parameters. In 
this thesis for example the tensile and shear stresses from each nodal point are used to calculate 
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the von Mises stresses. The output data may be used to feed a "post-processor" program which is 
used to help the user to more readily visualize or handle the results. 
3.3 Worked Example for the Galerkin Method 
One of several curve fitting techniques available for the finite element method is the 
Galerkin method which was used in this work. An example of how this technique may be used with 
the finite element method to solve a differential equation is given below: 
d22 
+y =a dx 
With boundary conditions: x=0, x=2 
y=0, y= 1 
This equation can be readily solved analytically to give the exact solution: 
y= cl cosx+c2sinx 
Applying the boundary conditions it is clear that c1 =0 and we can calculate that c2 = 1.0997502 
3.3.1 Step 1; Divide in to elements 
The domain is cut into four finite elements, which in principle can be of equal or different 
sizes. In this example unequal sizes are selected just to demonstrate the technique. Clearly the 
smaller the elements the more accurate the result so in practice one would usually only choose 
smaller elements over one region of the domain if that region required greater accuracy. 
y(o)=o y(2)=1 
Y1 Y2 Y3 Y4 Y5 
x=0 x=1 x=1.5 x=1.75 x=2 
Element number: 1234 
0 
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332 Step 2; Select interpolation functions 
We are looking for an approximation T of the exact solution y, which has the following 
form: - 
T =E Ni (x) Yt 
i-i 
Where Ni(x) are the shape functions and yi are the unknown values of the 5 nodes on the one 
dimension line element. 
We can say that in general 
f (d22+T)wdc=0 
a 
where w is the wieghting function. 
This may be integrated by parts to give 
-f ( )dx+ 
fTwdx +w =0 
BQ 
Finite Element Interpolation results in the expression 
(NrTT+NrrTir) d dx +f (NrTI+NirTrr) wdx +w4 j= 0 
na 
The Galerkin interpolation method chooses the weighting functions to be the same as the 
approximating functions. This leads to the following two equations 
-ý 
a (N T +N T)r dx +f (N T +N T)N dx +N l=O 
X 16 ) 
r 
Qrr 
ri rr dx 
arr 
rr 11 
a (N1T1+Nrr7'iI) 
BIZ 
dx+ (N1Tr+NrrT irk Nrr +Nih =0( 
17) 
Jýdx dx 
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3.3.3 Step 3; Express properties in matrix equations 
The matrix equations for individual elements are now determined. 
For element one: 
T=1 Y2 + 
11X Yl = (1-x) Yl + xY2 (l. e. NZTr+NrrTrr) 
dT 
° Y2 - Yi 
For element two: 
T= 
0.5 
ý, 3+ 
(1.0.55 -x) Y2 =2 (1.5 -x) Y2+2 (x-1) Y3 (l. e. NITr+NzrTrz) 
dT 
= -2Y2 + 2Y3 dx 
Similarly for element three: 
T= 
(1.75-x) 
y3 + 
(x-1.5) Y=4 (1.75-x) Y3 +4 (x-1.5) Y4 
0.25 3 0.25 43 
dT 
_ _4Y3 + 4Y4 dx 
And finally for element four: 
T= 
(2-x) 
y+ 
(x-1.75) Y=4 (2-x) Y+4 (x-1.75) Y5 
0.25 4 0.25 54 
dT_ 
-4Y4 + 4Y5 
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The above values for NI and yi are now substituted into the Galerkin formulation (equations (16) 
and (17)) and then they are expressed in matrix form which is easy to manipulate on a computer. 
For element one: 
11 
f (Y2-Y1) dx + f(xY2+(1_x)Y1) (1-x) dx + (1-x) 
1=0 
00 
11 
f (Y2-Y1) dx + 
f[x1_x ) Y2+ i1-x)2Y1] dx - 
dfi 
=0 
ao 
11 
-f (YZ-Y; ) x+f Y1) xdx + x-LT =0 
00 
11 
-f (Y2-Yl) dx + 
f(x2Y2+x(1x)Y1)c3x+ (dT) 1=0 
This may be summarized in matrix form as follows: 
i 
f (-1+1-2x+x2)dx f (l+x-x2)dx 
0o Yi 
11 y2 
f(1 +X -X2)dX 
f +x)dz 
00 
This simplifies to 
-? +7 36 Yl 
+2 -1 
Y2 -ý2 
63 
Element 2 is treated in exactly the same way to give 
+ý o 
Matrix expression 
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13 13 (32) 
+f 2(-2Y2+2Y3)dx +f (2(1.5-x)Y2+(x-1)Y3)(3-2x)dx -(b2 =0 Element 2 
1.0 1.0 
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is is 
-f 2(-2Y2+2Y3)dr +f (2(1.5-x)Y2+2(x-1)Y3)(2x-1)dx + 43 a0 
1.0 1.0 
and the following matrix equations 
is 
f (+5-12x+4x2)dx 
1.0 
1. s 
[0(_2+b0x_4x2 
I. 
(33) 
13 
f (-2+10x-4x2)dx 
1.0 
Y2 42 (34) Element 2 
is y3 -43 
f (4x2-8x)dx 
1.0 
-1.833 +2.083 Yi 2 
+2.083 -1.833 Y3 -43 
Using the same procedure, elements three and four yield the following results: 
3.917 +4-042 Y3 = 
43 
+4.042 -3.917) Y4 -104 
3.3.4 Step 4; Assembly 
3.917 +4.042 Y4 
_ 
+04 
+4.042 -3.917) YS -0s 
(35)Element 2 
(36)Element 3 
(37)Element 4 
The matrix equations are now assembled. It is only at this stage that the boundary 
conditions are introduced. 
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-0.667 +1.167 +0.000 +0.000 +0.000 
yi 
+, ol 
+1.167 -2.500 +2.083 +0.000 +0.000 
Yz 0.0 
+0.000 +2.083 -5.750 +4.042 +0.000 Y3 s 
0.0 
+0.000 +0.000 +4.042 -7.834 +4.042 Y4 0.0 
+0.000 +0.000 +0.000 +4.042 -3.917 ys -05 
The boundary conditions are that Y1= 0 and Y5 =1 
3.3.5 Step 5; the solution 
(38)Assembly 
Solve the simultaneous equations to obtain the approximate values for y at the 3 internal nodes. 
The matrix equation can be re written as follows: 
-2.500Y2 +2.083Y3 =0 
+2.083Y2 -5.750Y3 + 4.042Y4 =0 
(39) 
4.042Y3 - 7.834Y4 = -4.042 
Y2 = 
2.083 Y3 = 0.8332Y3 (40) 
Y3 = 1.0068641 Y4 
Y4 = 1.0679403 
Y3 = 1.0752708 
(41)Solution 
Y2 = 0.8959156 
This solution may be compared to the following numbers which were calculated from the analytical 
solution: Y2 = 0.92541 (Galerkin approximation gave error of about 3.3%) 
Y, = 1.0970 (Approximation gave error of 2.02%) 
Y. = 1.0821 (Approximation gave error of 1.33%) 
As expected, the errors are reduced where the mesh is more refined i. e. where the elements are 
smaller. 
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3.4 Users instructions for the program used in the present study 
This section explains how to use the program listed in Appendix I. 
The program prompts the user for the names of the input data file and the main output 
file, and then immediately reads the data file. The names of the file may be up to 20 characters 
long, including punctuation marks such as full stops. The data file should be in ASCII format. 
Almost all word processors have this as one output option. The order and format in the file is 
critical to allow the program to read the data correctly. 
The first line of the data file contains a title or comment which may be up to 80 characters 
long. Any extra will be ignored. This title will be printed to both the screen and the output file. 
This first line must exist, so if no comment is required a blank character (space bar) or at least a 
carriage return must be entered. 
The second line contains the number of iterations required, as an integer. This should 
always be set to 1 as the program now exists. Future developments of the program for more 
complex problems may require more than a single iteration. 
The third line should contain the number of nodes per element (NCN = 4,8 or 9), the 
number of full integration points, the number of reduced integration points, the shear integration 
factor and the bulk integration factor. The usual format is, in fortran notation, 315,2F10.0. That 
is 3 integers of length 5 followed by two floating decimal point numbers of length 10. No 
punctuation is permitted. On this version of the program the fortran format is actually ( *) so a 
space may be used to indicate the end of a number. The number of integration points per element 
depends on the type of element used, and is three for full and two for reduced integration in the 
case of nine noded elements. The shear integration factor is usually set at one and the bulk to zero. 
The next line should contain the number of nodal points (NNP), the number of elements 
(NEL), the number of boundary conditions (NBC), and the number of different materials used 
(NMAT). These are also integers. The maximum number of these parameters is predetermined 
when the program is compiled. Should a run time error occur which is due to an array being too 
small the ultimate limits of the array may be increased using the parameter function (see appendix 
I page II) and the program recompiled. 
The next line contains the components of the gravity vector in the x and y directions. These 
are floating point numbers. For use with composites these are usually set to zero but cannot be 
omitted. 
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The first five lines are read by the CONTRL sub routine. An error that is detected here 
will result in the following message appearing on the screen; 
" 111111111111 INPUT DATA UNACCEPTABLE 1111111111 
IN CONTRL SUBROUTINE ie Fault at start of file" 
Note that the routine makes no attempt to detect all possible errors. 
A typical data file would start with the following five lines: 
A sample data input file. This line is a memo from the user. 
932 L000 0.000 
15 2 10 1 
0.000 0.000 
The rest of the file is now read by the DATAR subroutine. The first batch of data consists 
of the material properties, and takes up one line for each material i. e. NMAT lines. The modulus 
of elasticity, bulk modulus, coefficient of thermal expansion are all F10 format. IFROM and ITO 
are two integers indicating the first and last consecutive elements made of this material. Thus to 
indicate that the elements from 1 to 10 have a Young's modulus of 100, a bulk modulus of 90,000 
and a thermal expansion coefficient of 0.0000001 we would write: - 
100.00 90000 0.0000001 1 10 
If all the elements have identical properties, the element numbers may be omitted. It does 
not matter what units are used for the first 3 numbers on each line of the material properties 
sections, so long as they are consistent with each other and with all the data that follows. 
The rest of the file contains data relating to the mesh coordinates. This could be entered 
manually for small problems but in general it is better to use a "pre-processor" computer program 
such as "MESHGEN" (available from Dr. Nassehi in the chemical engineering department at LUT) 
to automatically refine and generate the mesh data from basic quadrilateral elements supplied by 
the user. The task of preparing the data rapidly becomes very lengthy and tedious as the mesh 
becomes more refined and more elements are introduced. As well as saving time a pre-processor 
greatly reduces the likelihood of human error corrupting the mesh data. In practice for this work 
a spreadsheet such as "Lotus 123" or "Framework II" was used to calculate basic meshes for given 
geometric shapes such as a cylinder of given volume fraction and density embedded in a matrix of 
specified density and then this data was exported in ASCII format and downloaded to the main 
frame computer for use by MESHGEN. 
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Figure 3.3 Connectivity data for two elements 
15 
14 
Element 13 Element 2 
The next NNP lines contain the nodal coordinates, with the node number (an integer) 
followed by the x and y coordinates respectively. E. g. 
512357 0.1578 
12 99.123 -3.000 
Then the element connectivity data is written in the next NEL lines with a 1615 format. 
The connectivity data indicates which nodes are connected to their neighbours and which nodes are 
in each element, and thus indirectly indicates how the elements are connected to each other. It is 
essential that all the elements have a consistent system for this data. The convention used was to 
always start with the node at the left hand side and progressively number the nodes in an anti- 
clockwise direction and to always finish with the centre node. When more than one node was at 
the left most position of the element then the lowest node was taken as the starting point. An 
example of how the data would be entered to describe the two elements depicted in Figure 3.3 is 
as follows: 
11238 13 12 11 67 
2 13 8345 10 15 14 9 
A pre-processor that is written to deal with isoparametric elements would almost certainly 
detect most errors in the connectivity data. Nevertheless it is worthwhile to use a "postprocessor" 
program (see below) to plot the mesh as produced by the pre-processor and check that it is the 
correct size and shape before using the data in the main FEM program. 
At the end of the connectivity data which is usually the output from a pre-processor come 
the boundary conditions, which are often manually appended to the data file. The boundary 
conditions are in the format 215 F10 where the first integer is the node where the displacement is 
applied, the second integer is the direction of displacement (x = 1, y= 2) and the floating point 
number is the magnitude. 
The final line of the data file should contain the letter F or the word false to indicate that 
no temperature loading is to be applied. Although the program has the makings of a facility to 
model the effect of uniform temperature loadings this has not been perfected as yet. 
The program will then process the data to produce the main output file, as named by the 
user, and five minor output files named "sigmax", "sigma. y", "vonmisesxy" and "tauxy" which are 
in a format suitable to be read by the "Post-processor" program PLOTMK. This is an interactive 
graphics program which allows the user to produce (inter alia) plots of scalar and vector variables 
on a variety of graphics devices. The plots shown in Chapter 5 were produced by this post- 
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Figure 3.4 Basic outline of ELASTD4 
PROGRAM STRUCTURE CHART 
Figure 3.5 Outline of LINFEM sub-routine 
Loop on 
Every 
processor. The main output file contains data on the displacements and stresses etc. induced by the 
boundary conditions, and may be used by post-processor programs after some editing. The main 
purpose of post-processors is to allow the numeric output of FEM type programs to be readily 
visualized, interpreted and generally manipulated. 
3.5 Explanation of the program in the present study 
The main FEM program used for this project, called ELASTD4 is listed in appendix 1. 
This section explains the structure of the program, and how the subroutines involved function. 
These subroutines or modules are "nested" to a level of three below the main program. That is one 
sub routine may call another sub routine which in turn calls a third. The basic structure of the 
program is shown in Figure 3.4. This shows the subroutines or program modules in the order in 
which they are used, but only shows the structure down to the second level of nesting. The 
following sections explain the operation of each module in turn. 
3.5.1 MAIN 
The main or master segment starts with a series of comments explaining the use of main 
variables and variable arrays used. Comments are distinguished from the program code by the 
letter C located in the sixth column of the line. Then the types of variables to be used are declared. 
Integers are used for array pointers and iteration counters. Double precision is declared for most 
variables as this- was found to greatly increases the accuracy of the results obtained at the cost of 
extra running time and disc space/core requirements. Then the maximum size of 'arrays is defined 
using the parameter function. The parameters are constants used throughout the program, and 
require less memory than declaring integer variables to perform the same function. 
The program then calls INITAR to ensure all relevant variables are set to zero, and then 
calls CONTRL and DATAR to read the data file. 
Then the program loops around the equation solving/ data output subroutines NITER times 
to solve the problem. The purpose of having more than one iteration would be to allow more than 
one data' input file to be read for temperature changes and/or new boundary conditions and so to 
allow time dependent behaviour to be modelled. As mentioned in section 3.4 above, only one 
iteration was used throughout this work. Having completed the equation solving and data output, 
the program then closes all files and ends. 
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3.52 INITAR (Appendix 1 pages IV-V) 
This sub-routine is self explanatory. The variables passed to the sub-routine are all set to 
zero and returned to the main segment. 
3.5.3 CONTRL (Appendix 1 pages V-VII) 
This takes in the main parameters determining the size of the problem and the type of 
elements used etc. Data (input) and output files are opened and a limited amount of error checking 
is conducted. 
3.5.4 DATAR (Appendix 1 page -VII-) 
Four subroutines are called here to read the problem data. GETMAT, GETNOD, 
GETELM, and GETBCD are also self explanatory. GETMAT checks the Poisson's ratio of the 
material data to ensure that the results will be realistic. 
3.5.5 FIXINT (Appendix 1 page -VII-) 
This calls three sub-routines in order to store the data in a form suitable to be read by the 
frontal equation solver described below (Section 3.5.7). PUTBCD stores the boundary conditions 
in the array BC, and records a1 in each corresponding position in the array NCOD to indicate the 
number of the node and the direction (x or y). PUTFOR substitutes the magnitude of the 
boundary conditions into the right hand side of the stiffness equation (RHS array). SETPRM 
modifies NODE, the array for element connectivity, to take into account the number of degrees of 
freedom per node (which is 2 for a2 dimensional problem). This is done by adding the number 
of nodes per element to each node in an element and storing the result in the upper half of NODE, 
so if we take the example given in section 3.4 (page -41- above); NODE(a, b) has 2 pointers, a, 
which refers to the element and b which refers to the node. 
On entering SETPRM, NODE has the following values: 
NODE(1,1-9) =1238 13 12 11 67 
NODE(1,10-18) =000000000 
The upper half is modified by adding NCN(9) to each value giving: 
NODE(1,10-18) =10 11 12 17 22 21 20 15 16 
and similarly for the second element: 
NODE(2,10-18) =11 13 14 19 24 23 22 17 18 
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Thus on exiting SETPRM b) now refers to the x direction DOF for 1-9 and the y direction 
for 10-18. 
MDF is set to one degree of freedom per entry in NODE. The degree of freedom index, 
NOPP(1-2*NNP) is set to 1 to 2*NNP. 
3.5.6 LINFEM (Appendix 1 pages VIII-IX) 
This contains the kernel of the program where the equations are solved. Figure 3.5 shows 
the basic structure of this segment. The subroutine loops over every element in the problem to set 
up global equations to describe the entire domain. 
First ELMEQN is called for "full" integration, and then for a "reduced" integration before 
entering FRONT to solve the equations. The reduced integration is carried out in order to prevent 
incompressible elements from "locking". 
At this point it could be useful to outline the numerical integration technique used by this 
program. The method is known as the Gauss-Legendre quadrature and is widely used in both FEM 
and other computer based applications because of its high accuracy and the ease of implementation. 
An n-point rule using this method integrates any polynomial of degree x=""1 exactly(124) . 
The one dimensional Gaussian quadrature formula is: 
(42) 
-i i'ý 
WI = weighting factor 
Ej=coordinate of the i`h integration point 
n=total number of integration points 
Using a2 point rule (as used here for reduced integrations) a typical integration may be 
evaluated as: 
aN ax f S( a-t)( 
J) det J dt _ 
(See overleaf for right hand side) 
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aN aN aN aN 
S[WI ýý ýý det J(ET) + wir 1 Zlr det J(EQ)] 
ar ax ax ax 
where 
aN lQ is the value of 
-i 
at _ýý 
Using a2 point rule the right hand side (RHS, ie equation 38 above) is calculated as: 
RHSi= f Nfgdx = 4[W, N 1 det J(1) +W,, N t, det J(t n)] 
The two dimensional Gaussian formula is: 
+1.1 r1 +1 
1. =f f (ý(Cjj)dEdn =W Wft(E,, ý, ) 
-1-1 
(45) 
ELMEQN prepares to carry out the numerical integration by calling GAUSSP. This sub- 
routine sets the sampling points and their respective weighting factors according to how many 
sampling points are requested. ELMEQN requests three for full integration and two for reduced. 
Then BASIS is called to calculate the shape functions, their derivatives and the Jacobian 
determinate at the quadrature points. The Jacobian determinate (DETJ in the program in 
Appendix 1) is the determinant of the derivative of the mapping. These results are stored on disc 
in different files according to the number of sampling points. If more than one iteration were to 
be carried out (eg due to time dependent boundary conditions) then BASIS need not be called again 
because the results can be read from disc. BASIS calls SHAPE to obtain the interpolation 
functions and DERIV to calculate the remaining variables. 
On receiving control back from BASIS, ELMEQN then sets all variables to be summed at 
the integration point to 0 and calls ELMRHS, and then ELMMAT. The former sub routine 
modifies the right hand side to the equation to take into account the effects of gravity and 
temperature induced strains. ELMMAT writes the stiffness equations according to the material 
properties data. 
LINFEM then stores the stiffness equations on disc and calls FRONT. 
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Figure 3.6 Mesh based on elements I- III and 
nodes 1-5 
34 
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3.5.7 FRONT (Appendix 1 pages XVIII"XXIII) 
The frontal solution technique based on Gaussian elimination was first announced by 
Irons (125 in 1970. This method represented a major advance for FEM in that it allowed very 
much larger (by at least an order of magnitude) problems to be solved on a computer of given size. 
The technique is now virtually universal for FEM programs which use isoparametric elements. 
Owens and Hinton( i") have given a full account of the principles involved. Hood(l36) has 
outlined how the method works with full pivoting for the solution of non-symmetric matrix 
equations. The advantage over band matrix methods are that core or RAM requirements are 
perhaps an order of magnitude smaller and the computation times may be considerably reduced; 
furthermore numbering of the mesh may be completed in an arbitrary manner which is a 
considerable benefit in a project such as this one where meshes are frequently modified from one 
run to the next. The only disadvantage is that the program itself is more complicated to write, 
requiring good housekeeping. 
The frontal routine starts by assembling each of the element stiffness matrices in turn into 
RAM, until all the RAM allocated to the solution routine by the programmer is filled. Then, from 
within this assembled part of the complete matrix, a pivotal search is made to determine the largest 
entry from amongst those rows and columns which are fully summed, i. e. rows and columns to 
which no further contributions will arise in subsequent assembly of element stiffness matrices. The 
pivotal row is then used to eliminate all of the coefficients in the pivotal column, after which it is 
stored on disc. When stiffness coefficients have been eliminated, it is possible to assemble the next 
element stiffness matrix, after which further elimination may take place. When finally all the 
coefficients have been eliminated the solution is obtained by a back-substitution routine. 
This is best explained by means of a simple example: 
Consider the three-element, five-noded mesh shown in Figure 3.6. Suppose all the 
equations are stored in the order of ascending node number. The finite element generality will be 
written as: 
[A] (X) = (RHS) 
(49) 
where [A] is a linear coefficients matrix of the vector {X}, and {RHS} is the right-hand side vector. 
After assembly of the equations of the first element (I) the state of equation 41 is as follows: 
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rtr all a12 a13 Li (50) 
a; 3 rhs2 
X 
Eai 
aä2 a33 a rhs3 
where superscript I denotes the element number from which the matrix entry was derived. 
At this stage contributions to xl are completed (row 1 and column 1 are fully summed), 
then all may be used as a pivot to eliminate xl. This leads to: 
I 
_a21a12 _a21ß3 a a ý, 
Ia21r1 
_ r" =1 31 "2 1 
all all x2 all Elimination of xl 
1ll1 
I a31a12 I a31a13 
_ - a a 
1 
a3lrhs1 
rhS 32 1 33 3I 
all a1/ all 
Equations (50) and (51) which are not yet fully summed may not be eliminated until further 
assembly of element equations. 
In the frontal routine each equation is eliminated, as soon as it is complete, and this results 
in less core requirements. The name of this routine is derived from Iron's analogy of a wave 
passing through the matrix. 
Subtraction of the Gaussian products does not increase the storage required, since no terms 
are involved other than those found in equation (51). 
Suppose that the equations from the next element are assembled, the matrix equation 
becomes: 
II 
x21412 
+x 22 
all 
II 
1 
_a31a12 x 
IF 
+a 32 1 32 
all 
ff 
a42 
II 
a23 -, + a. 3 1 
all 
II 
I a3la13 17 
a33 - +a33 
all 
9 
a43 
Q 
a24 
A 
Q43 
x2 
x3 
aff x4 
(52) 
See overleaf (53) for right hand side. 
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rhsh2 17 
rhs2 -1+ rhs2 
al, (53) New RHS of (51) abovc 
b3 -a31rhs' +rhs° 
rhs4 
From this it may be observed that although equations (50) and (51) were altered before 
they were fully summed, the terms subtracted involved only those components involving node 1 
which were complete. Gaussian products may be subtracted from each row before it is fully 
summed. 
The equation solving program consists of two subroutines named FRONT, and BACSUB, 
see Appendix I pages XVIII-XXIV. In FRONT the Gaussian elimination procedure produces from 
the element coefficient matrices the lower and upper triangular matrices [L] and [U] respectively: 
[U] (x) _ [L]-` (RHS) (54) 
The solution is then obtained in BACSUB from equation (54) by back-substitution process. 
The first operation in FRONT is a PREFRONT, in which the last element containing the last node 
is noted. This then indicates in the assembly/ elimination process when the contributions to a row 
. are completed. 
For detailed discussion see Hood(126) 
Boundary values of derivatives are treated in the finite element process simply as additional 
terms in the (RHS) vector, and no special modification is required. 
It may be noted that the computational time and core requirements of the frontal routine 
are strongly controlled by the amount of pivotal choice permitted (the value of NCRIT), and the 
mode of pivoting. In the frontal routine used here NCRIT is initially set to NTRIX (i. e. 2 times 
NCN) and increased by increments of NCN (the number of nodes per element) should this prove 
insufficient. Typically the time taken for a solution doubles every time it is necessary to increase 
NCRIT. Diagonal pivoting is used which is faster than full pivoting but requires a slightly more 
complex program. 
3.5.8 REPORT (Appendix 1 pages IX-XI) 
This routine records the data produced from LINFEM and also writes the nodal 
displacement data to the monitor. 
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, LUMPM reads the data on the sequential access file (No 10) which has the shape functions 
and derivatives from the full integration, and calculates the lumped mass of the matrix which is 
stored in the array CLUMP. 
REACT uses the lumped mass matrix to calculate the Sobolov (see reference (127) 
energy norm L2. These energy norms give an indication of the accuracy of the FEM approximation. 
The lower the value the better in as much as we would expect the material to take up the lowest 
possible energy configuration when it is deformed. However, a negative value indicates that the 
material is doing work on its surroundings rather than the other way around. Therefore a warning 
is written to both monitor and file when this occurs, indicating a fault in the program or data. 
Experience indicates that inconsistent boundary conditions or faulty nodal position data are the most 
common causes. REACT also calculates the reaction forces on every node. 
After control is returned to REPORT the nodal displacements are calculated. TDIS, the 
total displacement array is updated for every iteration of the main time history loop. 
Then STRESS (pages XXIV-XXVI) calculates both shear and tensile stresses in the xy 
plane and the x and y directions. These are stored on disc for further processing and are also 
reported in detail on the monitor. The von Mises stress is calculated for both plane strain and 
plane stress conditions. Von Mises stress a,,, may be defined as: '12 PP 163-189) 
CIM= f 1/2(a; -a)Z+1/x(ay-a)+1/2(az-a)2+3t 
2 
Where as,, a,, and a= are tensile stresses along the x, y and z axes and ry is the shear stress in the 
xy plane. 
as =y (a, + a,, ) where y is the poisson ratio. 
For an incompressible material, where y is '/z we can say : 
32 
+30 2 iA 
4 0" - a-cy 4y+ 
3-Q1 
The above equation was used when the program was used to model a sphere or a fibre in 
a matrix. The fortran code for these calculations can be seen in on page -XXVII-. 
PUNCH, as the name implies, was originally written to save the program output to a paper 
tape or cards. Here it has been somewhat modified to calculate the new nodal co-ordinates after 
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displacement and save them at the head of the main data output file which was named by the user 
in CONTRL. The format is such that this file may be read by the graphics post processor 
PLOTMK without modification. PUNCH also saves the nodal stress data to five files named 
"sigma. x", "sigma. y", "tau. xy", "vmstresl" and "vmstres2" which are in an appropriate format to be 
read by PLOTMK. This allows scalar plots of contours showing lines of equal stress as can be seen 
in Chapter 5 and appendix 4 to be readily produced. Note that should the user wish to save the 
data for the stress plots in this format then these five files should be renamed before a subsequent 
run of the program is attempted. 
3.5.9 REACNM (Appendix 1 page -XXXII-) 
The fortran code is self explanatory. This final subroutine calculates the reaction forces 
at each node. These are stored in the output data file unless they are very small or equal to zero. 
The sum of the reaction forces at each node should come to zero, as there should be no resultant 
force acting on the body. In practice, due to the approximate nature of the solution found using 
the FEM, small non zero values are usually obtained. A large value for the sum of these forces 
may indicate an error in the result. 
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CHAPTER 4 
This chapter describes the experimental techniques used to coat fibres, produce composites 
and test their properties. The entering of data into and the production of data from the computer 
model is described in the previous chapter 3.4. The boundary conditions used for various load 
conditions are described in this chapter, section 4.8 
4.1 Material considerations 
There is a very wide range of thermoplastic based composites used industrially, glass filled 
nylon being the most important in terms of volume. The matrix material is very tough as a natural 
grade, but becomes prone to brittle failure when reinforced. The main reason for concentrating 
practical work on nylon based composites is that they are important commercially and there is a 
very wide data base available on the properties of such composites. The material also has a very 
low (by polymeric standards) melt viscosity making it particularly easy to mould and produce test 
specimens. Nylon is also a very polar and comparatively reactive polymer which makes it relatively 
easy to bond to other materials. In fact the propensity to form a good bond with glass is one of 
the reasons for nylon glass composites being so widely used. 
As outlined is section 1.2 there are several important reinforcing fillers available 
commercially. Throughout the experimental part of this project attention has been concentrated 
on`glass fibres. In general any advantages or disadvantages found in the mechanical properties of 
glass filled composites using the interlayer technique should also apply to other fillers. Glass is the 
least expensive and most readily available fibre reinforcement. The interface between glass and 
polymeric matrices are also better understood than that of more recently introduced fibres, largely 
because glass has been in use for so much longer. 
Ultra high molecular weight polyethylene (UHMWPE) was selected as the interlayer 
material because of its outstanding toughness. Furthermore its modulus is not much lower than that 
of Nylon 6, so that it may be anticipated that the composite modulus should not be greatly affected 
by the interlayer. UHMWPE is also readily available commercially and is inexpensive. 
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There are of course some disadvantages associated with this polymer. The material is not 
suited to high temperature applications owing to its relatively low melting point (*, 14O' C) although 
this may be offset. to some extent in certain applications by its excellent low temperature 
performance. Another, disadvantage relative to most thermoplastics is that it cannot be melt 
processed. A, decision then has to be made as to how to coat fibres with the interlayer. 
Electrostatic "prepregging" has been developed for some thermoplastics"") which, like 
UHMWPE, are. available in powder form. However, it is unlikely that this technique could be 
applied to the coating of individual fibrils in such a way that the thickness of the coating could be 
controlled and uniform. Examination of the UHMWPE powder particles indicated that their size 
is up to ten times the diameter of glass fibres. The large size of the particles also discouraged 
attempts to emulate deposition from an emulsion as practiced by Pfeiffer and Nielson (45) with latex. 
Solutions were selected as the most appropriate media to coat the fibres. The technology 
and properties of UHMWPE solutions are well known. In view of research carried out into 
thermoreversible gels it also seems likely that it would be possible to influence the morphology and 
hence the properties of the interlayer by suitable treatment of. the solutions. From the commercial 
point of view solution technology is undesirable relative to melt processing as an additional 
operation is involved, the solvent must be recovered, and working with organic solvents makes it 
unappealing from, the aspects of health and safety. - The use of organic solvents in composites 
manufacture or sizing processes is still widespread as it is often the most economic manufacturing 
route, but the trend is firmly away from this technology due to health, safety and environmental 
considerations. 
Having selected this route it then becomes necessary to choose a solvent. There are no 
known solvents for either UHMWPE or HDPE at room temperature. Several hydrocarbons are 
known to dissolve these materials at higher temperatures, of which Xylene (B. Pt. 138°C), and 
Decalin (Deca-hydronapthalene, B. Pt. 175°C), are the most widely used experimentally. Paraffins 
such as dodecane(87), paraffin oi1c9°" and toluene"" are also mentioned in the literature. For 
most of this work p-xylene was chosen because it is easier to remove after deposition on the fibres 
and it less unpleasant to use, compared to Decalin which has a well known odour. n-Heptane (B. 
Pt. 97°C) was also tried without success, presumably because the boiling point is too low. 
Anti-oxidants were found to be necessary to prevent degradation. The most widely 
reported material used for this purpose is di-tertiary-butyl-p-cresol (DBPC) which is used at levels 
-54- 
of 04% to 05%. "Irgonox 1010" (marketed as an anti-oxidant for use with polyolefins by Ciba 
Geigy) was also found to be useful. 
Another important consideration resulting from using a polyolcfin as the intcrlaycr is how 
to bond the interlayer to both glass and nylon. In the case of bonding to the glass, the standard 
technique commercially is to use a silane coupling agent. For both commercial and historical 
reasons nearly all the silanes currently marketed in the UK are aimed at giving a good bond with 
standard thermosets (polyester and epoxy resins). However, due to the rapidly expanding market 
for glass filled polypropylene some samples of silanes developed for this polyolefin are available 
and were used as a starting point for bonding polyethylene to glass. It should be noted that these 
commercial silanes rely in part on using a peroxide as a free radical donor to initiate a reaction 
between the polypropylene and silane that is bonded to the glass. Although polypropylene and 
polyethylene have very similar chemical properties it is well known that their interaction with 
peroxides is quite different. Peroxides are used to cross-link polyethylene, whereas they will reduce 
the molecular weight of polypropylene, by chain scission. In fact when Polypropylene was first 
produced commercially in the late 1950's peroxides were used in this way to allow the materials of 
the day to be successfully injection moulded. This practice is now widely exploited for the 
production of very low viscosity grades as used for fibre production. 
Table I--lists the bonding agents which were used in this study, by trade name and 
composition (when known). 
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TABLE I Materials used as bonding agent s 
Note bold type indicates the nomenclature used throughout this thesis. 
Name Supplier Composition Formula 
Z-6020 Dow Corning N-(B-aminoethyl) (MeO)3Si- 
-y amino-propyl (CH2)3 NH- 
trimethyoxy (CH2)2 NH2 
silane 
Z-6032 Dow Corning Styryl amine functional (MeO)3Si- 
silane (CH2)3 NH- 
(CH2)2 NH- 
CH2 C6H. - 
CH = CH2. HC1 
D-Cup R Hercules 98-100% Di cumyl Peroxide C6H5 C(CN, J 
(DCP) -O-Oc N, 
) C- 
C6H5 
Cereclor 70 ICI Chlorinated Paraffin wax 70% w/w Cl 
M. Wt 1000 
Ucarsil A-187 Union Carbide (UCC) y-Glycidoxy (MeO)3 
propyltrimethoxy Si(CH2)s 
silane CH. CH2. O 
Ucarsil UCC y-Aminopropyl (EtO)3 Si- 
A-1120 triethoxysilane (CH2)3 NH2 
Ucarsil PC1A+2A UCC 
. 
Organosilanes for use with Trade 
mica/glass filled PP/PE secret 
Ucarsil PC1B UCC Organosilane+peroxide for Trade 
use with above secret 
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Forming a bond to between nylon and UHMWPE is also problematic. One technique 
which was used here was to blend (in solution) a copolymer of ethylene and other low molecular 
weight compounds likely to react with or be attracted to Nylon. 
Note bold type indicates the nomenclature used in this thesis. 
Lucalen A 2710 MX BASF Copolymer of Butylacrylate and 
ethylene 
Lucalen A 2910 M BASF Terpolymer of acrylic acid, 
Butylacrylate and ethylene 
Lucalen A 3710 MX BASF Copolymer of acrylic acid and 
ethylene 
Ricon 157 Colorado Chemicals Inc 1,4 vinyl poly butadiene 
MW 450-1200 
UHMWPE GUR 412 Hoechst MW=4-5 million 
Isoplas P 451 Micropol ltd Organo-silane grafted onto PE 
IE 2590 Uni-Royal Sulphonated EPDM 
SURLYN 8660 Du Pont Sodium ionomer of 
ethylene/acrylic acid copolymer 
Polyamides were always used as the matrix material for evaluating interfaces, with the 
exception of one brief series of experiments using resole phenolic resins. The grade of PA6 chosen 
was used partly because it was readily available both as a film and as moulding granules. 
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Figure 4.1 Gel forming apparatus 
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4.2 Equipment considerations 
The gels were produced using standard "Quick-fit" apparatus as depicted in figure 4.1. The 
only customized item was the stirrer blade which was produced from stainless steel in the 
departmental workshop. It was found advantageous to have the blade applying shear to the liquid 
over as wide an area as practicable, by having a small clearance between the blade and the glass. 
More conventional smaller high speed stirrers were not effective at gel formation and also allowed 
a layer of precipitated or undissolved polymer to collect at the bottom of the flask, where it tended 
to thermally degrade. 
Trade name Supplier Composition 
Grilon A23 FC EMS-Chemie AG PA 6 (Polyamide) 
Grilon T300 GMH EMS-Chemie AG PA 66 (Polyamide) 
I L2018 J BP Chemicals Phenolic resole 
The gels were typically prepared as follows: 
A suitable quantity (typically 300m1) of xylene or decalin was decanted into the flask, the 
antioxidant was then added and the heater turned on. When the temperature exceeded 90'C any 
lower molecular weight materials such as A 2910M or A3710 MX were added and usually dissolved 
almost immediately. The UHMWPE was then added little by little over a period of one to two 
hours while the solvent refluxed at about its boiling point. Any silane or peroxide to be used was 
added after the heat had been turned off and the temperature had decreased to around 100°C. 
It was observed that the gels were thermoreversible at about 95°C. The gels could only 
be formed after considerable agitation as described in the literature. It was found that a minimum 
level (ca. 0-5% w/w or 0 4g/ 100ml solvent) of UHMWPE was necessary in order to form a gel. 
Microscope slides and strips of nylon 6 were coated by dipping into the solution at just 
above the gelation temperature. The slides were subsequently put in a vacuum oven at 95-100°C 
and 24" Hg vacuum for 2 hours and were then left to cool to room temperature under vacuum to 
reduce degradation. It was observed that material from a gel always formed a film on the surface 
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of the substrate. Higher temperatures seemed to increase the tendency for bubbles and gaps to be 
formed in the film. HDPE, PP and the copolymers cited above invariably dried to form a fine 
powder on the surface of the slide. But when this powder was heated to above the melting point 
under vacuum for long enough, the particles would coalesce into a film. On the other hand, EPDM 
was capable of forming a gel and mixtures of copolymers seemed able to enhance gel formation. 
All films irrespective of whether formed from a gel or a melt exhibited birefringence when viewed 
through polarized light under a microscope, indicating the presence of crystalline domains. The 
UHMWPE films had much smaller and more tightly packed spherulites compared to HDPE films. 
Without any special treatment to create good adhesion, it was very easy to peel the films from the 
glass using tweezers. Films formed from the gel always gave many fibrous tendrils on drawing and 
were clearly capable of far greater elongation to fail than melt formed HDPE films. The thickness 
of films was measured with a micrometer and was typically about 0.013mm for each consecutive 
immersion. 
The crucial observation that can be made at this experimental stage is that it was found 
necessary for the solution to go through a gel stage before either a glass slide or fibre surface could 
be solution coated with a film. 
Most of the work was carried out using standard microscope slides with a nominal thickness 
of imm. Where these were found to be too weak, 3-3 5mm thick glass sheets were cut to 
approximately 25mm x 75mm pieces by a local glazier. The upper limit of glass thickness was 
determined by the maximum opening distance of the jaws of the tensile testing machines. 
All slides were cleaned in ethanol or IPA (isopropylalcohol) before use. They were then 
cleaned in dilute (0-5 M) hydrochloric acid. 
Initial screening tests on both PA 6 and glass slides in an Oxygen plasma (5 minutes at 250 
watts) did not manifest any improved adhesion and this technique was not pursued further. 
Nevertheless it is possible that a more extensive investigation may well have produced improvements. 
A solution to coat the slides with silane was prepared according to the following procedure 
as recommended by the technical department of Union Carbide Corporation. A 95: 5 w/w mixture 
of IPA and water was prepared. About 2% by weight of the silane (as supplied by the 
manufacturer, usually dissolved in an alcohol) was added and the mixture stirred for about 5 
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Figure 4.2 Fibre coating system with haul off apparatus 
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minutes in order to hydrolyse the silane. The slides were then dipped in this solution and left to 
dry at room temperature for about 20 minutes to remove the alcohol. Drying at a higher 
temperature would encourage the formation of a hydrophobic coating through polycondensation of 
the SiOH groups, leaving few reactive groups available on the surface. When completely dry they 
were put in a warm (40-50°C) cabinet for 10 to 15 minutes and then stored at room temperature 
before use. This technique was found to be the most successful for A1120 (see table I) and similar 
silanes. 
Coating the slides from a tissue soaked in the neat silane (as supplied by the manufacturer) 
almost always gave too thick a coating, resulting in a brittle weak bond., Nevertheless 
Pleuddemann(" and 96) has found this technique to be useful with some silanes on microscope slides. 
4.4 Coating of glass fibres 
All the fibres used were commercially available samples. When required they were dc-sized 
using chromic acid. The acid was freshly prepared by dissolving Sodium di-chromate in sulphuric 
acid. Early attempts to de-size fibres using xylene were not effective. The advantages of leaching 
glass with an acid prior to treatment with a silane have been outlined by Miller et al. ("'). 
Continuous glass fibre tows were coated by passing them through the solution using the 
haul off apparatus shown in Figure 4.2. The haul off rate could be controlled using a variable 
speed DC motor. A considerably higher speed could be employed to coat fibres with a silane 
solution than a polyolefin gel. It was noted that a tow of fibres would be covered in a gel almost 
one centimeter in diameter. After drying only a very thin film would be left. Experiments on a 
known volume of gel allowed to dry in a vacuum oven indicated that the volume loss was in excess 
of 97%. Jets of compressed air were essential to spread and fully separate the fibres before 
coating. When this was not done, only the outside of the tow would be coated, while filaments on 
the inside would only_receive a very thin and patchy layer. 
The uniformity and effectiveness of the coating technique could be rapidly evaluated using 
a reflected light microscope. A more time consuming technique which highlighted the problems of 
not separating the filaments effectively before passing them through the gel consisted of embedding 
a short length of coated yam in epoxy resin, polishing the end and observing the cross section of 
the coated fibres, again using a reflected light microscope. 
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Chopped glass fibres were also coated with an UHMWPE gel to form an intcrlaycr. This 
proved to be an easier process than that previously described for continuous yarn. The grade used 
was Owens Corning CS 429 YZ 4.5mm CTC. The material was initially desized by treatment with 
hot chromic acid. An appropriate gel was produced in the apparatus shown in Figure 4.1. After 
the glass fibres had been coated with a silane based size and dried in a warm oven they were added 
little by little to the polyolefin solution. Typically about 45 grams of glass were added to 300m1 
Xylene containing 10g UHMWPE and 0.1g anti-oxidant. After refluxing and stirring at 135°C for 
about four hours, the mixture was allowed to cool to just above the gelation temperature (about 
95° Q. Then the excess solvent was decanted and the glass left to dry overnight in a vacuum oven. 
The main disadvantage of this process was that the fibres tended to agglomerate into large fluffy 
clumps with a correspondingly low bulk density. This subsequently led to some problems in feeding 
the filler into the twin screw extruder. (See section 4.53) 
In every case the procedures followed to coat the glass fibre yarns were intended to closely 
emulate the treatment which the glass microscopes slides had received. 
Three types of processing equipment were used for compounding. A two roll mill was used 
to blend fillers with all of the polyolefins examined other than UHMWPE. The only draw back of 
this equipment was the maximum operating temperature which could not be increased above 180° C. 
The advantages were the ease and speed of use, very little material wastage and it was easy to 
obtain high and controllable filler loadings with little fibre length degradation. As a laboratory 
blender this was probably the best equipment available. A Brabender plastograph was also used 
as a compounder for all materials including the nylons. The main advantage was that it was possible 
to produce samples from small quantities of material. The corresponding disadvantage was that it 
was very labour intensive to produce large quantities of test specimens due to the small batch size. 
Finally a twin screw extruder was also used. This was a typical piece of industrial production 
equipment and there was always a large amount of scrap involved with starting and changing blends. 
Although in principle it should be possible to obtain high fibre loadings with this equipment this was 
not achieved in the present study as will be explained in section 4.53. 
The actual glass content of composites produced was always checked by burning the broken 
test specimens in an oven at 600°C and comparing the weight of the residue with the original 
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weight. The output from all three compounding routes was also evaluated in this way. Examining 
the glass fibre residue from the oven also gave a useful means of comparing fibre length 
degradation during compounding. 
4.5.1 Two roll mill 
This was an Iddon machine with two identical rolls of about 20cm diameter. A nip of 
about 0 7-1mm was used with the rolls running at equal speeds. The rolls were heated using hot 
oil from a Churchill heater. Once a known weight of polymer had been melted on the rolls, the 
desired quantity of glass could be readily added. It was found to be reasonably easy to obtain a 
desired filler loading using this method. 
4.52 Brabender 
This was a "Plasticorder" model with a chamber of 30cm' capacity. The speed was always 
set at either 150 or 200rpm. The temperature was monitored by a thermocouples in the mixing 
head. Again the material was melted first and then the desired weight of filler added. It was often 
found in the case of polyamides that by the time all the filler had been added the polymer had 
begun to degrade. In general it was not so easy to predict the final filler loading from the weights 
of the materials added. 
The Brabender was used to compound coated and uncoated glass fibres with polymer 
matrices. The Brabender was run at 230° C for PA 6 and 175°C for EAA copolymers. E glass 
fibres from Owen Corning (product 6143/25 with no surface treatment, 19 micron diameter) and 
Turner Newall product TBA roving (type P2 with 02% UCC A172 silane and a polyester size, 11 
micron diameter) were used. UCC PC1A/2B in a 2: 1 ratio was used as the surface treatment for 
the samples with an UHMWPE interlayer. 
The compounds produced from the Brabender were compression moulded. Plaques 
approximately 1 mm x 70 mm x 60 mm were used for Rosand impact testing using a drop height 
of 206 mm and a 25 kg mass to give an impact velocity of 2 m/sec. Flexural results were obtained 
with 3 mm x 25.4 mm x 75 mm compression mouldings using a 41mm span and 10mm/min cross 
head speed, giving a maximum strain rate of about 0.1 min 1. 
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Figure 4.3 Screw configuration for Nylon 
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Figure 4.4 Screw configuration for polyethylenes 
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4.53 Twin screw extruder 
This unit was a Baker-Perkins MP2030, specifically designed for R&D use. The screws are 
made up of a variety of interchangeable elements such that the screw configuration can be readily 
and rapidly altered to allow processing conditions to be altered. The configuration used with 
polyamides here is shown in figure 4.3 and is very similar to that recommended by the 
manufacturers for glass filled nylons. Figure 4.4 shows the corresponding configuration for the 
polyethylene matrices. 
The mixing paddles can be set at angles of 30,60 and 90° relative to their neighbours. The 
greater the angle the more vigorous the mixing action. The orifice plugs are essential to provide 
sufficient back pressure for mixing. The angle at which the paddles He relative to each other may 
be positive such that they promote the flow of material down the barrel, in which case they are 
referred to as "forwarding paddles", (F. P. ), as opposed to "reversing paddles" which have the 
opposite effect. A series of reversing paddles increase the back pressure, and at least in the case 
of polymers used here, are quite capable of preventing any flow of material at all through the 
extruder if there are too many (e. g. 4) in a row. Paddles at 90° are referred to as "alternating 
paddles" (A. P. ) 
The only difference between the configurations shown in figure 4.3 and the manufacturer's 
suggestion is that the mixing section adjacent to the camel back at the end of the screw has been 
made milder in order to reduce fibre degradation. 
The die used consisted of four parallel nozzles 2mm in diameter which were used to 
produce continuous strands of blended composite. 
The extruder was set to run at 150 rpm. This was as slow as practicable because the 
limiting factor proved to be the rate of glass addition. Once chopped glass fibres had been coated 
with a polyolefin they had an extremely low bulk density rather like cotton wool. It was possible 
to compact this material but then it would not flow through the feed screw of the extruder. Forcing 
the material into the feed screw using a wooden rod allowed a higher but uneven feed rate. In 
other words it was not possible to produce well mixed and homogenous composites with a high glass 
loading using the twin screw extruder. Standard chopped fibres with no polymeric interlayer would 
readily flow through the feed section of the hopper and glass loadings of 40% and more were 
readily achieved. 
The temperature profile along the barrel is shown in Table IV. A very flat temperature 
profile was generally adopted, as recommended by Baker Perkins (the manufacturer). 
-63- 
Figure 4.5 Plan view of the water bath and extruder 
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TABLE IV Temperature profile and torque of extruder at 150rpm 
Polymer Die Zone Zone Zone Zone Zone Torque 
(CO) 1 2 3 4 5 
HDPE 202 192 192 191 185 175 50% 
Co/Ter 190 181 180 180 177 175 25% 
Polymer 
Co/ter 170 165 163 160 160 160 30% 
Polymer 
with glass 
As above 160 146 140 140 140 140 34% 
Nylon 6 230 230 230 230 230 230 20% 
The torque reading is expressed as a percentage of the maximum available from the motor. 
In practice the machine is set up such that the motor will automatically cut out should a figure of 
about 80-85% be exceeded. 
Note that the haul off rate invariably had to be decreased when glass was added to a 
polymer as the melt strength always decreased markedly. Extruding the co(or ter) polymers filled 
with glass at the 160-170°C barrel/die temperature was unsatisfactory as there was a tendency for 
the glass to block up the die nozzles and for the extrudate to break into short lengths on exiting the 
die. The use of even small amounts of Cereclor 70, either as a modifier to the matrix or fibre 
coating greatly increased the tendency of the polymer to degrade in the barrel and on the screws, 
necessitating thorough cleaning before another run could take place. 
An alternative method of adding fibres was to feed continuous yarn directly into the feed 
hopper from a spool. It was not possible to control the speed with which the extruder would take 
the glass up, and one spool would result in a glass loading of about 3 or 4%. One possibility which 
was considered but never tested would be to feed about 10 such yarns from 10 spools 
simultaneously into the extruder. It should be noted that production of even 1 spool is a somewhat 
time consuming operation. 
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Figure 4.7 Middle of a lap shear specimen (Not to 
scale! ) 
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The extrudate was hauled off through a water bath and then granulated prior to 
compression moulding. The extruder was flushed out for several minutes with HDPE followed by 
pure nylon and then allowed to run for about 5 minutes after the glass addition had commenced 
to allow a steady state to be attained in between each run. Although this resulted in some material 
wastage it ensured a clear distinction could be made between experimental runs. 
4.6 Production of specimens for Mechanical tests 
After the glass slides or nylon strips had been coated with the required thickness of 
interlayer material they were bonded together in a vacuum oven at above the melting point of the 
interlayer.. Thin strips of metal feeler gauges coated with petroleum jelly ("Vaseline") were used 
as spacers to control the thickness of the resulting interlayer as indicated in Figure 4.7. A2 kg 
weight was used to apply pressure to the joints. Note that one of the nylon strips was bonded using 
a large interlayer area, while the other had a much smaller bonding area. The smaller area always 
failed when a load was applied (assuming the glass did not fail first) and this area was used for lap 
shear strength calculations. The areas were measured by placing the specimens over graph paper 
and counting the number of (1 mm) squares under the interface area. 
The construction or lay-up procedure indicated in Figure 4.7 was developed in order to 
ensure that the layers were parallel, and thus that pure shear was applied to the interlayer. It is also 
important that the two Nylon strips are well aligned when the test piece is clamped in the jaws of 
a tensile testing machine, as otherwise side loads will be applied to the test piece, distorting the 
results obtained. The use of feeler guages as spacers allowed precise and reproducible interlayer 
thicknesses to be obtained. 
Some samples were produced between the heated platens of a compression moulding press, 
but it proved extremely difficult to control the applied pressure with sufficient sensitivity to avoid 
breaking the microscope slides. 
Attempts to sandwich undried gel between the layers and then to laminate the materials 
were found to be impracticable because very large voids were always left in the interlayer as the 
solvent evaporated. The compression moulded samples were produced using a hand operated 
hydraulic press with electrically heated platens. Wherever possible PET (Melinex) film was used 
as a release"agent. For the case of Nylon 66, silicone spray was used as a release agent as melting 
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point of the Nylon was higher than that of the PET. Plaques about 15cm square wert produced 
and dies were used to cut tensile and bending test specimens. 
In the case of nylon 66 based composites, the platen temperature was set to 270°C. About 
50 grams of polymer (plus filler) granules were poured into the lower half of the mould, and left 
there for 5 minutes to heat up. The top of the mould was placed in position and the platens were 
slowly closed until a pressure of 12 tonnes was applied. This was maintained for a further 5 
minutes and then the mould was removed and placed in an identical but cold (water cooled) press 
for 2 minutes before demoulding. 
Composites based on other thermoplastic matrices were compression moulded in much the 
same way, the only processing differences being listed in Table V. In general the lowest platen 
temperature consistent with a good moulding was used, in order to reduce degradation. However 
in the case of co/ter polymers such as A 2910 M or A 3710 MX the material was processed at 
190°C in order to ensure that any DCP present in the interlayer or bonding agent would be 
effective. 
"" TABLE V Compression moulding conditions 
Matrix 
Material 
Temperature 
(° C) 
Pre heating time 
(minutes) 
Compression time 
(minutes) 
Nylon 66 270 5 5 
Nylon 6 240 5 5 
UHMWPE 220 4 5 
HDPE 200 4 1 
Co/ter polymer 190 4 1 
A limited number of glass filled composites with a phenolic matrix were produced to 
compare with the thermoplastic matrices. These composites were made from BP L2018 J resole 
type resin. No catalyst was used, due to the high temperatures needed for the silane and DCP 
blends to react with PE. 
8 layers of proprietary glass fibre mat were impregnated with the resole resin using a hand 
roller. 36 grams of glass were used in the control sample. 30 and subsequently 5 grams of 
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interlayer material consisting of a blend of UHMWPE and A2910M (80: 20 w/w) were deposited 
from solution onto these 8 mats to produce two sets of samples, one with a "thick" and the other 
with a "thin" interlayer. Once the mats had dried they were compression moulded with the phenolic 
resin. The press platens were pre-heated to 180°C and the material left with heat on for 15 
minutes to cure for the best results. One run with a moulding temperature of over 200°C resulted 
in a friable brittle moulding due to overcuring. Melinex (PET) sheets were used as a release agent 
and to improve surface finish. Three point bending and tensile test specimens were cut from these 
compression mouldings. 
Laminates were produced from nylon 6 films and glass fibre mats. These were 
compression moulded from 7 layers of approximately 4" x 4" glass fibre mat sandwiched between 
8 layers PA 6 film. One set of glass fibre mats were dip coated in UHMWPE gel at about 95 °C 
after being treated with Z 6032 silane with 1% DCP. They were subsequently dipped in a 20: 80 
UHMWPE: A2910 M solution to enhance the adhesion to the matrix. The filler was weighed before 
and after each coating. The diameter of the glass fibre was about 9-5 microns, as measured 
microscopically. The compositions of the composites are shown in Table VI 
Density Weight Volume Weight Volume 
PA 6 121 84-52% 9209% 83-47% 90-24% 
E-glass 2-58 1548% 791% 1497% 759%o 
UHMWPE 0,94 None None 1.56% 2.17% 
Specimens cut from these laminates were tested on a JJ tensile testing machine at 
5mm/minute and also on the ROSAND impact tester with 25 Kg mass dropped from 2 metres 
using a 10mm diameter indentor. 
4.7.1 Mechanical tests 
Three point bending was carried out to BS 2782 or ASTM D 790M except where otherwise 
stated. 
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Figure 4.8 Typical "J Integral specimen" 
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Tensile tests and 3 point bending were carried out using Instron or JJ-Lloyd instruments. 
Tensile tests were carried out to ASTM D638M except where otherwise stated. 
Impact testing was carried out using a Rosand instrumented falling weight machine. A 
10mm diameter hemispherical indentor was used in every case and a drop height of 2 or 3 meters 
. was selected depending on the toughness of the batch of specimens. A mass of 25 kg was also used 
in every case to allow a meaningful comparison between specimens. As it is difficult to compare 
results from falling weight tests of specimens of various thicknesses, a target of 2mm of moulded 
thickness was set for all specimens; however this was not always attained. 
The scan interval of the machine was set to 50 microseconds. The range available is 2-300 
microseconds, but no noticeable advantage was gained by varying this during screening tests of 
injection moulded Nylon 6 plaques. A SkN load range was found to be suitable for all but the most 
brittle samples (i. e. those degraded by Cereclor 70) where AN was more appropriate. The delay 
before commencing recording was set to 10, and the noise filter was only switched on after the tests 
were complete, so that raw unfiltered data was recorded on each run. The results were recorded 
on a floppy diskette and a hard copy (printout of results in graphical form) was also kept from each 
run. 
Results were quoted for the average force to failure, energy to failure, total energy 
absorbed and thickness of each run of specimens. Usually the mode of failure as seen from the 
shape of the force slope displacement plots of a given group of specimens would be very similar. 
However, there was a wide range of numeric values obtained for the energy absorbed etc. This is 
particularly true of composites but also noticeable with pure polymers. 
The "J Integral" approach was used to evaluate toughness in a slow speed test. This 
relatively recent concept has the advantage in characterizing the toughness of thermoplastics that 
it may be applied over a variety of failure modes, from the glassy state to the onset of the rubbery 
state and hence over a wide range of temperatures. Fibre reinforced nylon fails in a brittle fashion 
whereas the unfilled matrix is ductile, and so this methodology seemed appropriate to this study. 
"J" is the loss of potential energy in a specimen under load when a crack expands by an infinitesimal 
amount. A critical value Ja is defined as the value of J at the onset of catastrophic failure in the 
specimen or material. The value J. reduces to Gc, the fracture energy parameter, in the case of 
elastic fractures. Both these concepts assume that the potential energy in the two halves of the 
specimen reduces to zero on completion of the fracture process i. e. viscoelastic behaviour is ignored. 
The theory and practice of this are well described in reference'l'o)°''°pt'r 6 
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Experimentally this technique effectively entails undertaking notched 3 point bending tests. 
The samples were all machined to a width (w) of 10mm, with a nominal moulded thickness (b) of 
2 mm. The actual mean thickness was measured with a micrometer, and usually fell in the range 
2.3-2.6 mm for PA 6 composites. Note that in this test it is the widest (10mm) section that is 
notched and resists the load, while the 2mm section lies at right angles to the load (See figure 4.8), 
the principle being to induce failure under plane strain conditions. A cross head speed of 
5mm. miri 1 and a span of 40mm were always used. For each composite to be evaluated, about 8 
specimens were produced, and notches from 0.1 to 0-7 mm depth (a), in steps of about 0.1 mm 
were made with a razor blade. Plots of load against deformation were produced for each sample, 
and the energy to crack initiation or yield estimated from the area under the curve. These energies, 
multiplied by a suitable correction factor (130), are plotted against the ratio of the notch depth to the 
specimen width (i. e. a/w), and the slope of this (theoretically straight line) graph gives the so called 
"critical J Integral", J.. See chapter 5 for the results obtained. 
4.72 Thermal Analysis 
DSC (Differential Scanning Calorimetry) was carried out using one of two Du Pont model 
900 machines available in the laboratory. The only difference between the two being that one 
version had a computerized recording of the results. There was no difference between these units 
with regard to accuracy. Samples of around 10-15 mg were used in every case. Both heating and 
cooling traces were recorded after early instances of only recording the melting curves gave rise to 
spurious results. A heating rate of 5°C per minute was usually used as a compromise between 
speed and obtaining the most information about the samples. 
DMA (Dynamic Mechanical Analysis) was also performed on the computerized Du Pont 
instrument, at a heating rate of 5° C over the range -100 to 130° C. All specimens were of nominal 
dimensions 2 mm thick and 10 mm wide. The precise dimensions at room temperature were 
obtained with a micrometer and entered into the computer which controlled the instrument. Usually 
the machine was preprogrammed to run at a constant amplitude and frequency of deflection, and 
to record the forces required to achieve this. Du Pont recommend this mode for the 
characterization of glass filled PA composites. 
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Figure'4.9 Specimen to view fibre cross section 
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4.73 Microscopy 
Reflected light microscopy was used to monitor the uniformity and effectiveness of fibre 
coatings. This method was also used to examine fracture surfaces using magnifications of up to 
around 500. Where appropriate these results were recorded photographically. 
The refractive index of the glass fibres was about 1.53 and so liquids of RI 1.50-1.55 
were used to coat the fibres when viewed under a microscope. This facilitates the identification of 
any crystalline or semi-crystalline coating which will exhibit birefringence. There were two methods 
for comparing coated and uncoated fibres with an optical microscope: The fibres could either be 
embedded in an epoxy resin, polished and then viewed end-on so that the cross section could be 
examined. Alternatively the fibres could be placed directly on the viewing platform and viewed at 
right angles to the fibre direction. 
There were some problems associated with viewing the fibres end on, embedded in an 
epoxy resin: 
a) Voids in the resin, especially around the fibres. 
b) It takes a long time for the resin to cure and to polish the samples. 
c) Uneven mixing i. e. soft patches occurred in areas where there was too little hardener. 
d) Resin too viscous to wet fibres well unless heated in oven. 
The technique which gave the most successful results is as follows: 
Use 15-20mm lengths of one inch diameter steel pipe. Similar lengths of the fibre yarn are gripped 
in a paper clip which is then inserted into the pipe section as indicated in Figure 4.9. The specimen 
is then placed on a petroleum jelly coated flat glass plate. Ciba Geigy "Araldite" HY 951 (5%) 
hardener and MY 750 (95%) resin are well mixed and poured into the sections. The glass plate is 
then placed in a vacuum oven at 100°C to cure overnight. The lower surface of the pipe sections 
are then polished with progressively finer grades of emery paper and finally diamond powder. An 
alternative resin, system such as one based on acrylic resin might give better results, but was not 
available for evaluation during this study. 
Transmitted light microscopy was used occasionally to examine films formed on microscope 
slides. Although this technique is widely used on thermoplastics, it is not so appropriate for filled 
polymers where microtoning is difficult. It was of some interest to view the degree of orientation 
and spherulite formation in the films using a polariser on the transmitted light microscopes. 
SEM was carried out mainly on fracture surfaces. Magnifications in a range of 115 to 2500 
were used. The main advantage that this technique has, particularly at lower magnifications over 
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Figure 4.10 4 element Beam in simple tension 
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the reflected light microscopy is that it is possible to achieve a much greater depth of view. The 
disadvantages are that the process is far more expensive and also more time consuming so that it 
is not possible to get an immediate feedback on how good a coating process is. Most of the work 
was carried out using a Cambridge SEM instrument. 
4.8 FEM boundary-conditions used in the present work 
The program listed in Appendix 1 calculates the stress developed in elastic materials, given 
the deformation applied. In order to obtain accurate and meaningful results it is essential to choose 
suitable boundary conditions which accurately describe the physical situation which is being 
modelled. The program assumes that every node has two degrees of freedom (i. e. can move in both 
the x and y directions, but not in the z direction) unless the user specifics otherwise. 
4.8.1 Beam in simple tension 
This was the most straight forward situation to be modelled. Figure 4.10 shows a simplified 
(4 element) mesh with node numbers. In fact the 32 element mesh in figure 5.3 is more typical of 
the number of elements used, but the simpler version is used here to indicate the boundary 
conditions used. The model gave good results for meshes of 16 elements upwards, for this simple 
problem. 
The central nodes (9,4,15,12,21,18,27) were fixed in the y direction with zero movement, 
but allowed to move freely in the x direction. The nodes at the left hand side (1,8,7) were held with 
zero movement in the x direction, but left free to move in the y direction, with the exception of 
node 8, which was fixed with no movement in any direction. Similarly on the right hand side, the 
nodes (23,24,25) were forced to move by a predetermined distance in the x direction but were free 
to move in the y direction, apart from 24 which had zero freedom of movement. Thus the entire 
mesh of 27 nodes has 39 degrees of freedom. 
The effective modulus of the beam was calculated from the stresses reported by the 
program for the end nodes (1,8,7 or 23,24,25). As the model was based on an incompressible 
material, - the volume of the beam before and after deformation should be the same, and the 
deformations in the y direction were always compared with the theoretical value as a check on the 
results. 
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Figure 4.11 4 Element beam in pure bending 
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4.82 Beam subject to pure bending 
Again a simple 4 clement beam will be used to illustrate the principles followed in setting 
the degrees of freedom and displacements of each node. Note that in practice 32 to 64 element 
meshes were always used for this calculation, as less refined meshes gave imprecise results. No 
advantage was observed in refining the mesh above 64 for this type of problem. 
The vertically central nodes (11,12,13) were held fixed in the x direction, but 11 and 13 were 
free to move in the y direction. Displacements in both the x and y directions for all the nodes along 
the horizontal central axis of the beam (8,9,4,15,12,21,18,27,24) were calculated such that in their 
new positions they all lay precisely in the arc of a circle, to emulate the case of perfect bending. 
In practice these calculations were made automatically on a spreadsheet as they needed to be 
repeated several times for different loads (i. e. strains, by altering the ratio of the radius of curvature 
r,, to the length of the beam L) and different mesh refinements. The 4 element 27 node mesh 
shown in figure 4.11 has 34 degrees of freedom after the strains have been set. If the elastic 
material were not incompressible we could also define the positions of the corner nodes 1,7,23,25 
as we should expect these points to He on the radius of a circle with its centre at the centre of the 
arc of curvature. However the model used here would give inaccurate (very high) stress results if 
attempts were made to set the boundary conditions such that in effect an incompressible material 
was being compressed. 
4.83 Single fibre in matrix 
Figure 4.12 shows the basic 5 element mesh, which would be fed in to a pre-processor such 
as MESHGEN'for refinement, before being used to analyse the problem. 
In the case of pure tension/compression, the nodes on the left hand side (1,8,7,18,17,28,27) 
would be held fixed in the x direction, and those on the right hand side (21,22,23) would have the 
appropriate displacements in the x direction to cause the desired strain. Nodes 1,2,3,10,11,20,21 
would be restricted to no movement in the y direction. All other nodes would be free to move in 
both the x and y directions. 
In the case of pure bending, the left hand nodes were again fixed in the x direction, while 
the lower nodes (2,3,10,11,20,21) were given fixed displacements in both the x and y directions such 
that they all lay on the arc of a circle. 
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Figure 4.13 Basic (unrefined) mesh for sphere in a 
matrix. 
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Thus it can be seen that the single fibre was treated in a similar way to the beam in section 
4.8.1 and 4.8.2 above. The only difference being that the lower section of the mesh was constrained 
in its movement rather than the centre. 
4.8.4 Sphere or cross section of a fibre embedded in a composite 
The basic 7 clement 37 node mesh can be seen in Figure 4.13 In practice this was refined 
using a pre-processor to produce meshes such as that shown in Appendix 4 page L 
The model would be loaded in tension or compression by the following boundary conditions: 
The base would be held fixed in the y direction (nodes 1,2,3,10,11,20,21,30,31) 
The nodes on the left hand side would be held fixed in the x direction 
(1,8,7,18,17,28,27,38,37) 
The required displacement in the y direction would be applied to the top nodes (37,36,33). 
Figure 4.14 shows the displacement caused by a uniform compressive load. 
Thus in this simplified 7 element example the 37 nodes are left with 54 degrees of freedom. 
The filler could be regarded as a sphere or globe with an "equator" running along the line 
with nodes 1,2,3,10,11 and a "pole" at node 17. Plots were produced of stress at the interlayer versus 
angle of applied load by plotting the predicted stress values at the interface nodes (i. e. 17,16,14,12, 
11 in the diagram) versus the angle of the node to the "equator" of the sphere. It should be 
emphasized that the meshes shown here are very basic and are used to illustrate the techniques used 
to obtain the results. 
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Figure 4.14 Mesh before and after deformation 
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In practice many more elements and nodes are required to 
give useful results. 
CHAPTER 5 
EXPERIMENTAL RESULTS 
5.1 Theoretical Models 
The mechanical behaviour of composite materials has been predicted in this section from 
both classical mechanics, and the Finite Element Method. The traditional mechanics approach has 
been used both to assess the performance of the microscope slide laminates (section 53.2 below), 
and also as a means of carrying out a check on the accuracy of the FEM model developed here. 
5.1.1 Analysis of pure bending of a layered composite beam 
Consider a beam of uniform cross section as depicted in Figure 5.1. If it is assumed that 
a) all layers are completely bonded at each interface, such that sliding movements are 
prevented, and b) all materials are perfectly elastic i. e. obey Hooke's law, then the composite section 
may be easily converted to an "equivalent section" (with respect to ability to resist forces and 
moments) composed of only one material. In Figure 5.1 the equivalent section is shown for a 
glass/ UHMWPE/ Nylon/ UHMWPE/ glass laminate, where glass was chosen as the single or 
reference material. This was accomplished by replacing cross sections of the materials in the 
laminate with mechanically equivalent cross sections of glass material, which have the same depth 
but the width is altered by the ratio of their moduli. This procedure is well known and documented 
in "Mechanics of Solids" texts""), and a brief mathematical description is included in Appendix 2. 
If it is further assumed that only pure bending takes place (this is not strictly true of 3 
point bending), the ratio of the moment of area about the centroid of the equivalent cross section 
and the moment of area of a solid glass beam will be equal to the ratio of the flexural stiffness of 
the two beams. 
Taking the illustration in Figure 5.1 as a worked example: 
The moment of area of a solid beam of glass I9 = bh' + 12 
which in this case is 25 4x "3 22' + 12 = 64 29 mm' 
The moment of area of the equivalent section, I. is as follows: 
Is = I9-2IA. -4IB. 
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Figure 5.1 Actual and equivalent beam cross sections. 
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where I,,. and I,. are the moments of area of the voids A and B about the centroid of the 
equivalent beam. Clearly I,,. will be identical to the moment of area of A, whereas it is necessary 
to calculate I. from the moment of area of B about its own centroid Ie using parallel axis theorem. 
I.. =Ie+Area, xd2 
where d= perpendicular distance of the centroid of B from that of the equivalent beam. 
Thus I. = I4 - 2IA. - 4(Ie + Area. x d') 
Predictions of the stiffness of composite beams built up from microscope slides are shown 
in table 5.1 The thickness and the moduli of the individual components is based on experimental 
values obtained from 3 point bending tests (See section 53.2). The "Equivalent modulus" is the 
modulus that a homogenous beam of identical dimensions would have if it were to be as stiff as the 
composite beam. The "Actual modulus" is that measured experimentally. These differences are 
discussed in section 641. 
Figure 5.2 shows the effect of reducing the modulus of a 0.15mm interlayer in a composite 
beam built up from two microscope slides and a Nylon 6 core, where the Nylon is taken to have a 
thickness of 1.05 mm and the microscope slide 0.95mm. A beam with an "interlayer" of identical 
modulus to the glass is taken to have a stiffness of 100%. The y-axis indicates % loss in this 
stiffness as the interlayer modulus is decreased. 
5.12 The FEM model 
In order to gain experience and test the validity of the FEM model the program was 
initially run modelling simple tension and pure bending and the results compared with the 
theoretical values predicted from classical mechanics and also with those obtained from a 
commercially available finite difference structural analysis program called "PC - STRAN". A typical 
mesh and the predicted stress distributions are shown in Figure 53. These meshes were loaded in 
pure tension by applying equal displacements in the x direction to every end node, restraining all 
movements in the y direction for those nodes lying on the longitudinal centre line, and leaving all 
remaining nodes free. The loading technique used for bending was to fix the movement of the 
neutral axis of the beam to form an arc of a circle, and to restrain the movement in the x direction 
of the nodes lying in the vertical centreline. All other nodes were free in both the x and y 
directions. 
A summary of results for tension is shown in table 511. In accordance to beam theory, the 
tensile stress distribution for the beam in tension was constant throughout the beam. The results 
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Figure 5.3 32 Element mesh used for beams in tension 
or (below) bending 
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for deformations and stress distributions in tension are reasonably accurate when the optimum 
choice of K/G and elements is chosen, bearing in mind that the FEM offers only approximate 
solutions to problems. The finite difference program, PC-Stran, gives more accurate results but can 
only be used to model relatively simple problems. This particular program is limited to 128 nodes 
and 64 unidimensional elements per problem. There are also relatively severe limitations on using 
elements of very different sizes in the same mesh, so that the mesh cannot be specifically refined 
in one particular area (e. g. the interface) to the same extent as is possible using the program listed 
in Appendix 1. A comparison of results from the two programs for the case of a simple beam in 
tension can be seen in table 5.111 
TABLE 5.1 Moduli of Microscope slide specimens 
BEAM Interlayer Equivalent Stiffness Actual 
thickness Modulus relative Modulus 
(mm) (GPa) to Glass (GPa) 
Glass None Not 100% 68.4 
lmm 0 applicable 
PA 6 None Not 4.23% 2.9 
1.05mm 0 applicable 
Glass/PA 6 None 65.4 95.68% 58.2 
/Glass 0 
Glass/PA 6 UHMWPE 60.56 94.2 % 16.9 
/Glass 0.085 
Glass/PA 6 HDPE 62.16 93.95% 25.7 
/Glass 0.1 
Glass/PA 6 A 2910 M 62.3 91.8% 48.4 
/Glass 0.24 
Note that the 4th column in raters to the stiffness relative to a solid glass bass of the same thickness as the test 
specimens. The sEquivalsnt Modulus is the calculated value. 
The result for homogenous and composite beams in bending also agreed with analytical 
solutions to within about 5%. Simple beam theory predicts that the tensile stress is positive above 
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Figure 5.5 Shear stress distribution at interface 
without interlayer 
Shear stress concentration factor 
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the centroid, zero at the centroid and negative below the centroid, and is directly proportional to 
the distance from the neutral axis. The FEM model predicted the same stress distribution, the only 
unexpected anomaly being with respect to the prediction of "edge effects" in the stress distributions 
(See Figure 5.3 Tensile stress isobars). These edge effects were more pronounced as the strain was 
increased. 
TABLE 5.11 showing effect of Poisson ratio on FEM model 
Based on a 32 element beam in tension 
K/O Poisson 
Ratio 
True 
Stress 
! EN 
Prediction of 
stress 
Error 
I 
Displacement 
along y-axis 
Error of PEN 
predicted 
displacement 
5.50 0.41429 56.01 10.33 11.93 0.0366 -9.88 % 
32.3 0.46466 1822.8 1787.6 1.93 0.0475 -0.95 4 
103 0.1095 59.39 59.92 -0.90 0.0489 1.90 4 
104 0.10995 59.41 59.99 -0.98 0.010 1.99 i 
105 0.50000 5.941 6.0 -1.00 0.010 2.00 % 
108 0.50000 0.5941 0.6 -1.00 0.010 -6.31 % 
108 0.50000 0.0594 0.06 -2.66 0.010 0.34 % 
K-Bulk Xodulus. G- Shear Modulus. 
The optimum value of Poisson ratio to use is dependent on the "accuracy" of the computer 
being used. In this context "accuracy" refers to the number of significant figures in a number that 
can be precisely calculated. When single precision variables were used on the mainframe seven 
figure accuracy was obtained which led to very imprecise results. Double precision variables gave 
fourteen figure accuracy and were used for all of this work. The Poisson ratio was varied for the 
simple problem of a beam in pure tension, with a 32 element 163 node mesh, as illustrated in figure 
53. Typical results where the x displacement was fixed by boundary conditions and the stress and 
y displacements calculated are indicated in table 5.11 above. The various values of "true" calculated 
stress result from different values of E being used. The true stresses were calculated from Young's 
law, a= Ee. The "true" strains were calculated as e= ln(L/ L. ), where L= New Length when under 
stress, and L, = original length. The Poisson ratios in table 5.11 are those calculated in the program 
using single precision variables (See Appendix 1 page XXIX, GETMAT subroutine). The FEM 
model calculations are carried out using double precision variables. 
-77- 
Figure 5.6 Variation of composite modulus as a function 
of interlayer modulus, at 5% glass content. 
Glass radius 9.5 microns, interlayer 0.5 microns 
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Figure 5.7 Tensile stress concentration factor in the 
resin at the interface 
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In both cases where K/G = 10", the computer gave realistic results for most nodes, but a 
few had large errors. The true value of Poisson's ratio is obviously less than 0-5, so perhaps when 
the machine cannot obtain a value of less than 0.5 for Poisson's ratio the limit of its accuracy has 
been reached. The model is not very accurate at low values of Poisson's ratio, as expected because 
it assumes incompressibility. For the rest of the results from the FEM model which are reported 
here, including all the stress distribution plots, the Poisson's ratio was kept in the range 
04990-04999. 
TABLE 5.111 Effect of altering the number of elements in the FEM for the solution of a simple 
Number 
of 
Elements 
Displacement 
in y 
direction 
Error 
Stress 
Error 
PC- 
STRAN 
strain 
Error 
PC- 
STRAN 
Time 
(secs) 
4 -1.2% +5.8% <0.01% 11.5 
8 -1.1% +2.0% <0.01% 20.5 
16 -0.95% +1.9% 
32 -0.90% +1.9% <0.01% 78 
64 -0.90% +1.9% Too large. 
In general, the more elements that are used in an analysis the more accurate the result but 
the longer it takes to solve. Table 5.111 shows the effect of varying the number of elements on the 
results of a simple tension analysis. The results from PC-STRAN, a finite difference program, are 
also shown for comparison together with the time taken to obtain a solution using a6 MHz PC-AT 
compatible type computer. 
5.13 Analysis of composites with interlayers using the FEM model 
Unless otherwise stated all the results were obtained taking the matrix to have a Young's 
modulus of 3000 MPa (i. e. typical values for a Polyamide or an Epoxy resin), and the reinforcing 
filler to have a modulus of 78,000 MPa (i. e. typical of E-glass fibre), while the interface properties 
were varied. 
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Figure 5.8 Shear stress concentration factor in the 
matrix at the interface vs. Angle to applied stress. 
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Figure 5.9 Von Mises stress at the interface vs. Angle 
to applied stress 
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Table 5. IV and figure 5.4 show the predicted tensile modulus of a glass bead composite as 
the glass sphere volume is increased. Modelling glass bead composites was useful insofar as it 
allows the results to be compared with both experimental results(132) and computer 
models (44,71,72) quoted in the literature. Note that the predicted modulus of the pure matrix is 
slightly underestimated, emphasizing the approximate nature of the solutions obtained using the 
FEM. 
The experimental data from Smith( '32 were measured on composites with a matrix having 
a modulus 301 GPa, and glass spheres with a modulus of 760 GPa. 
The FEM predictions of the effect of a. 100 MPa interlayer take the interlayer thickness 
to be 1 unit, i. e. 11% of the glass radius. In this case the interlayer is so soft that almost no stress 
is transmitted to the filler and the spheres behave almost as voids. 
The variation of composite modulus as the interlayer modulus was varied was then 
modelled by holding the glass volume fraction constant at 5%, and the interlayer volume constant 
at 12% of the glass volume. The results can be seen in figure 5.6. 
The effect of interlayer modulus on the tensile stress concentration, cry is displayed in 
figure 5.7. The stress concentration factor referred to on the y axes of the plots indicates the ratio 
of the stress at a given point to the mean stress. The moduli of the various interlayers modelled 
are shown in the figure. "Graded" interlayer refers to the modelling of an interlayer which has a 
modulus that rises progressively from that of the matrix (3 GPa) to that of glass (78 GPa) in layers 
of 21,38 and 58 GPa. A void in the matrix was modelled by setting the filler modulus to an 
extremely low value. 
Similarly, the effect of interlayer modulus on the shear stress concentration, TY is shown 
in figure 5.8. The von Mises stress distribution at the interface/ matrix junction is shown in figure 
5.9. The von Mises values have not been normalised. 
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Figure 5.10 Microscope slide dipped in p-Xylene solution 
of HDPE 
Figure 5.11 Microscope slide dipped in p-Xylene 1% 
solution of UHMWPE 
Volume 
fraction 
filler 
%) 
Modulus MPa: 
No interlayer 
Modulus MPa: 
Interlayer 
modulus=100 MPa 
0 2950 2950 
4.235 3100 
4.98 3320 2710 
5.81 3380 
6.72 3440 
7.73 3510 
8.83 3600 2552 
10.04 3690 2484 
19.6 4570 2040 
31.13 6100 
46.5 9560 
Appendix 4 shows a series of plots made on a laser printer which illustrate the predicted 
stress distributions of a spherical particle embedded in a cylindrical section of matrix. PLOT 1 
shows the basic finite element grid, containing 44 Lagrangian 9 noded elements, with a total of 205 
nodes in the structure. The subsequent plots in appendix 4 show the stress distributions resulting 
from an application of a strain of 1% in the y direction. The allocation of degrees of freedom etc. 
has already been described in chapter 4. 
Plots 2-8 show the stress isobars for composites with no interlayer. Plots 2-4 are for 
composites with 4.98% volume fraction glass spheres, while plots 5-7 are for 6.72% glass, and Plot 
8 is for 8.83% glass. Plots 9,11-18 show the effects of various interlayers, and the final plots in 
Appendix 4 show the case of hollow glass spheres embedded in a matrix. 
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Figure 5.12 Reduced viscosity of gels (in para-xylene) 
at 100°C I 
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52 Preparation of Gels and coating of substrates 
52.1 Some general observations 
Film formation. 
In order to compare UHMWPE with lower molecular weight polymers it was initially 
planned to apply materials such as Polypropylene (PP) and HDPE from solution in exactly the same 
way as UHMWPE and measure their effectiveness as shock absorbing interlayers. Irrespective of 
whether xylene or decalin were used as the solvent, it was observed that on cooling the UHMWPE 
would form a thermoreversible gel as described in the literature (see Chapter 23) whereas the lower 
molecular weight materials would not. PP formed sufficiently fine crystallites to exhibit the 
"Rayleigh" light scattering effect, making the cool solution appear a fluorescent blue. One 
unexpected observation resulting from this investigation which has not to date been reported in the 
literature is the film forming ability of UHMWPE gels i. e. the gel would always leave a film of 
material on whatever substrate it rested on whilst drying, whereas solutions of the lower molecular 
weight materials dried to leave a fine white powder. See figures 5.10 and 5.11 for a comparison. 
UHMWPE gels with a concentration in the range of 0.1- 5g/100ml could form films on 
both microscope slides and glass fibres. It was found to be impractical to achieve higher 
concentrations using the apparatus described in Chapter 4. The films formed from the gel exhibited 
birefringence under an optical microscope. 
It was possible to obtain films of HDPE or PP on the glass slides by heating the slide 
coated in the powder to above the melting point in a vacuum oven. This technique is not readily 
applicable to the coating of fibre yam. 
Viscosity of solutions: 
Plots of the reduced viscosity (ij. p/c) against concentration are shown in figure 
5.12, for 
solution of UHMWPE at 100° C in Xylene. 
522 DSC results 
The DSC and DMA plots from the computer controlled machine arc shown in Appendix 
3 (Page -XXXIX-) 
Figures 5.13-5.17 show the remaining DSC results, replotted from the Du Pont instrument. 
-A? M 
"From stirrer stem" in 5.15 refers to material taken 4the drive shaft of the stirrer, and hence not 
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Figure 5.13 DSC traces of Co/Terpolymers of ethylene and 
acrylic acid 
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Figure 5.14 DSC trace of dried gel produced from a blend 
of: HDPE 73.5%, UHMWPE 11.5%, A 3710 7.5%, A 2910 7.5% 
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subjected to very much shear during the blending process, while "From stirrer paddle" refers to 
material which had been well mixed. 
Figures 5.18-5.20 show some of the DMA results replotted on the same scale to facilitate 
comparison of the different materials. The original plots are shown in appendix 3. 
523 Coating of glass slides and fibres 
Optical microscopy: 
Figure 5.21 shows the effect of passing glass fibres through a solution of HDPE. There 
is no uniform coating, but a clumps of solid material are precipitated at intervals along the fibres. 
The same lack of polymer deposition was noted with all solutions that did not contain sufficient 
UHMWPE. In general it was found that if a solution could not form a film on a microscope slide 
it would be useless for the purpose of coating fibres. Figures 5.22,5.23 and 5.24 show the coatings 
formed by UHMWPE. Figure 5.23 shows the results of running a tow of fibres through a gel bath 
using the fibre drawing apparatus described in chapter 4. Figure 5.24 shows fibres embedded in a 
continuous dry film of UHMWPE. The bright spot near the centre top indicates an uncoated patch 
where the fibres were not well wetted by the gel. Such patches were a common occurrence, and 
while it was possible to produce fibres that were well coated along the bulk of their length, it was 
never possible to reliably and reproducibly apply a continuous coating of uniform thickness along 
the length of all the fibres. Even though UHMWPE solutions will effectively form a film on glass 
slides, it does not follow that a solution will coat a whole tow of fibres along their entire length with 
no gaps. 
Even under the low magnifications used in these photographs the tendency of the 
UHMWPE gels to form fibrils as they dry can be observed around the relatively thick glass. 
The UHMWPE interlayer is of uneven thickness and the application is fairly patchy. 
53.1 Lap shear results 
These tests resulted in the specimen failing in one of three ways: 
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Figure 5.15 DSC traces for blends of A 2910 (97.5%) 
and UHMWPE (2.5%) 
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a) Glass failure. This occurred when the glass/polymer bond could support a greater load 
than the tensile strength of the microscope slides. Where appropriate these tests wert repeated 
using thicker glass up to a maximum of 33 mm. 
b) Bond failure. The bond could fail in either a brittle manner, or the polymer might 
slowly peel from the glass surface. The latter was far more common. Brittle bond failures were 
usually associated with too thick a layer of silane being applied to the glass. 
c) Polymer yield. Although this was perhaps the most desirable failure mechanism, it was 
also the most difficult to achieve, but was experienced in several cases. 
Typical plots of these modes of failure are illustrated in figure 5.25. The mean results of 
various surface treatment/ polymer combinations are summarized in table 5. V 
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Figure 5.17 DSC traces from dried gels of UHMWPE and PP 
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Figure 5.18 DMA traces: Comparison of glass filled PA 6, 
with and without interlayer, and base polymers. 
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TABLE 5, V Lap shear test results 
Surface Polymer Number of Mean Fail 
treatment used specimens Tensile mode 
of glass load/Bond 
Area 
(MPa) 
No Silane A3710 M)( 3 4.25 Glass 
No Silane A2910 M 5 7.92 Glass 
No Silane SURLYN 3 5.78 Glass 
8660 
PC2A/1B 2: 1 UHMWPE 3 2.28 Peeled 
As above PP 2 5.44 Glass 
As above A2910 M 2 4.6-7.2 Peeled 
As above A3710 MX 2 2.48 Brittle 
3 8.08 Peeled 
As above UHMWPE 80% 4 3.5 Peeled 
A2910 M 
DOW-CORNING HDPE 1 1.01 
Z 6032 
As above A3710 MX 3 5.33 
As above SURLYN 2 8.7 Glass 
8660 
As above HDPE 5 6.9-9.4 Glass 
with 1% DCP 
As above UHMWPE 2 9.2 Peeled 
As above UHMWPE 80% 5 19 Rubber 
A 2910 20% grips 
As above A3710 MX 3 22 Polymer 
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Figure 5.19 DMA traces: Comparison of PA 6, UHMWPE and 
glass/PA 6 composite. 
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Figure 5.20 DMA traces: Comparison of PA 6/glass 
composites, with and without UHMWPE interlayer 
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TABLE 5. V Lap-shear-test results (cont) 
Surface Polymer Number of Mean Tensile Mean 
treatment used specimens load/Glass load/PA 
of glass Bond Area Bond Area 
or PA6/66 (MPa) 
PC2A/1B UHMWPE 3 1.802 Not 
1: 1 tested 
As above As above 3 2.28 As above 
but 2: 1 
As above As above 2 1.368 As above 
but 5: 1 
As above As above 2 0.2916 As above 
but 10: 1 
A-1120 UHMWPE 4 Negligible Small 
As above UHMWPE 12% 3 0.1 Excellent 
HDPE 80% (Nylon 
A 2910M 8% failed) 
As above HDPE 2 Negligible Small 
As above PP 1 Negligible Small 
As above A2710 SX 3 0.06 Excellent 
As above UHMWPE 92% 3 0.06 Excellent 
A 2910M 8% 
As above UHMWPE 92% 5 0.125 0.5 MPa 
A3710MX 8% 
DOW-CORN. UHMWPE 3 Negligible Small 
Z 6020 
As above As above 3 1.33 Small 
+ 1% DCP 
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Figure 5.22 
SOI)lt1r; rl 
Fibres dipped in 80% UHMWPE 20% A 2010 M 
TABLE 5. V Lap shear test results (tont) 
Surface Polymer used Number of Mean Tensile Mean 
treatment of specimens load/Glass Bond load/ PA 
glass Area (MPa) Bond Area 
or PA6/66 
Z-6032 + UHMWPE 3 20 Rubber 
Cereclor 70 80% grips 
A 2910 20% 
As above with As above 3 22 Rubber 
DCP grips 
Z 6032 IE 2590 3 0.75 Peeled 
Z 6032 A 2710 MX 3 2.5 Peeled 
ISOPLAS P451, produced by grafting organo-silanes to PE, gave a bonding performance 
that was indistinguishable from HDPE. 
532 Three-point bending test results 
Different failure modes were also exhibited in these tests, ranging from brittle for glass and 
some composite beams through to ductile deformations in the case of pure thermoplastics. Typical 
examples of laminated test specimens which exhibited good bonding are shown in figure 5.26 
The results shown in table 5. VI were obtained using a cross head speed of 1 mm per minute 
using either a JJ tensile tester or an Instron. The failure mode is described as "brittle" or "tough" 
depending on the shape of the load/ displacement curve as illustrated in figure 5.26. The "tough" 
specimens were still able to support some load after the initial failure, which occurred when one 
of the slides broke near the centre load point. The interlayer was able to stop the crack proceeding 
through to the other glass slide and was also able to transmit the load from one broken segment 
of glass to another. The specimens with a ductile interlayer eventually have both glass slides break 
several times, with fractures running across the width of the glass slides at progressively greater 
distances from the centre load point. 
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Figure 5.24 Glass fibres embedded in UHMWPE film. 
TABLE 5 . VI Three point bending results 
Between 3 and 6 specimens tested in each case 
Span of 51mm 
Material Flexural Std Tan. Std Strain Mode 
Strength Dev Mod. Dev to of 
(MPa) GPa fail % fail 
Pure Glass 94.47 5.46 68.4 2.5 0.143 (B) 
Pure Nylon 18.09 4.6 2.88 0.05 0.653 (D) 
66 
Glass/PA 52.84 7.45 4.29 0.63 2.05 (B) 
66/Glass No 
Interlayer 
As above 2.99 0.5 16.9 2.57 0.4 (B-D) 
with 0.14mm 
HD/UH 
interlayer 
with 8.12 1.4 25.7 2.29 0.27 (D) 
0.045mm HD 
with 0.24mm 28.7 8.3 2.3 0.2 1.9 (D) 
A 2910M 
with 0.2mm 30 5.6 22 3.04 1.8 (D) 
UH/A 2910 
80/20% +DCP 
with 0.1 mm 51.98 9.2 24.7 5.4 1.8 (B) 
As above + 
Cereclor 70 
Note : (B)- Brittle failure node. (D)- Ductile failure node. In table 5. VI the strain to failure indicates the strain 
at which the glass first fails. As can be seen fror figure 5.26 material with an intsrlayer say Well be able to 
support a useful load even after quite substantial deformation 
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Figure 5.25 Lap shear force/extension traces showing 
typical failure modes. 
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Figure 5.26 Three point bending traces showing the 
effect of an UHMWPE interlayer. 
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5.4 Characterization of composites 
5.4.1 Raw materials 
The basic properties of the materials used to produce the composites are summarized in 
table 5. VII below. All thermal analysis results are recorded in Appendix 3, with the relevant page 
numbers indicated in the table. Note that in the case of UHMWPE the DSC curve for the material 
as delivered in powder form, presumably as produced in the reactor, (Appendix 3 page XLI) gives 
a much higher melting point than does the same material after it has been fused and reheated in 
the DSC heating chamber (page XLII) or as a film formed from solution (page XLIII). 
The polyamides were usually tested after having been stored under ambient conditions, but 
were also tested after drying for comparison. 
Figure 5.27 shows typical tensile test plots of the individual materials used for the interlayer. 
Figure 5.28 compares the impact performance of the basic raw materials. Although the mechanical 
properties of HDPE and UHMWPE are similar at low strains, the UHMWPE has superior impact 
behaviour. 
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Figure 5.27 Typical tensile load/extension traces for 
unfilled polymers. 
Cross head speed 5mm/min. 
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Figure 5.28 Impact resistance of raw materials used to 
produce PA 6 composites 
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TABLE 5. VII 
Polymer Density UTS or Flexural Melting DSC 
Grams/cm3 (Yield) Modulus range Plot 
MPa MPa (DSC) Appen- 
C dix 3 
PA 6 1.14 222 
Ambient 40 1250 
Dried 85 3600 
PA 66 1.13 257 
Ambient 60 1700 
Dried 90 3500 
PP/PE 0.902 26 600 ----- 
HDPE 0.96 32 1250 ----- 
(17.5) 
UHMWPE 0.945 37 650 Page 
(18) @133, XLII 
@137, XLIII 
@141 XLI 
A 2710 0.928 ( 9) 52 @ 98 XXXVII 
A 2910 55 @106 XXXVII 
, IX 
A 3710 0.938 ( 9) 48 @103 XXXVII 
XL 
5.42 Phenolic Composites 
These were produced using a resole type resin, with no catalyst due to the high compression 
moulding temperature necessary to allow the silane blend to react with the UHMWPE. A 20: 80 
w/w blend of A2910M/UHMWPE, with no DCP added, was used to produce the interlayer. Two 
loadings of interlayer were used, the "thick" interlayer being based on a 30 grams Polyolefin on 36 
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Figure 5.29 Impact results for Phenolic laminates 
Mass 25kg. Velocity 2m/second 
Specimen thickness 2.25 ±0.05mm. 
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grams glassfibre mat, and the "thin" layer based on 5 grams polyolcfin on the same weight of 
glassfibre mat. 
"Table 5. VIII shows the average flexural and toughness results. Figure 5.29 shows the plots 
from the Rosand impact tester. The "over cured" results refers to a pair of laminates that were 
accidentally heated to over 2(x) °C. They arc included here as it is interesting to note that these 
had the best results in the Rosand tests with respect to energy to fail, despite the absence of an 
interlayer around the fibres. The "over cured" samples completely disintegrated during the impact 
testing, whereas the other samples either suffered only local damage around a central hole or in a 
few cases also had tears up to 3 cm long running out from the point of impact. As can be seen 
from figure 5.29, those samples that did tear or split to a significant extent on failing absorbed more 
energy than those with more local areas of damage. The mode of failure under impact testing had 
more influence on the energy absorbed than did the presence of an interlayer. 
Examination of the coated fibres with a microscope indicated that the thickness of the 
coating was quite uneven, especially in the case of the "thick" coating. 
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Figure 5.32 l9µ diam glass in PA matrix. No interlayer. 
x 2300 
Figure 5.31 llµ diameter glass in PA 6. No interlayer. 
x 2300 
TABLE 5. VIII Rosand results from Phenolic composites. 
SAMPLE Standard 
Laminate 
Overcured 
Laminate 
Thin 
Interlayer 
Thick 
Interlayer 
Thickness mm 2.13 2.17 2.12 2.05 
Peak force N 2458 1908 2798 2380 
Peak 
deflection mm 
5.22 9.48 5.42 5.82 
Energy to 
Peak Joules 
4.48 14.45 6.20 4.08 
Gradient kN/m 61.2 37.12 
Total Energy 
absorbed J. 
18.87 42.51 18.80 16.46 
Flexural results 
SAMPLE Standard 
Laminate 
Overcured 
Laminate 
Thin 
Interlayer 
Thick 
Interlayer 
Modulus MPa 21580 8632 16259 11411 
Strength MPa 338 325 266 
5.4.3 Laminates from PA 6 films 
These were compression moulded from 7 layers of glassfibrc mat sandwiched between 8 
layers of PA 6 film, as described in chapter 4. The compositions of the composites are shown in 
table 5. IX 
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Figure 5.34 Glass coated with A 3710 M 
to 
_ _6 \. 
Figure 5.33 19M diameter glass fibre with UHMWPE 
7' 
TABLE 5 -IX Composition of laminated PA 6 Composites 
Density 
(g/cc) 
Weight Volume Weight Volume 
PA 6 1.21 84.52% 92.09% 83.47% 90.24% 
E-glass 2.58 15.48% 7.91% 14.97% 7.59% 
UHMWPE 0.94 None None 1.56% 2.17% 
The tensile and impact results are summarized in table 5. X below. Assuming that the glass 
fibres are continuous or endless and that the coating of the UHMWPE was even, then the relative 
densities and weight fractions indicated in table 5. IX would result in an interlayer thickness to fibre 
radius ratio of 7.18 µ to 4.75 µ, i. e. very much greater than desirable judging from the FEM 
predictions. 
TABLE 5. X Laminate test results 
TENSILE tests No interlayer UHMWPE interlayer 
Modulus GPa 6.88 6.00 
UTS MPa 10.55 36.45 
Yield stress MPa 45.99 31.11 
ROSAND tests 
Peak force N 511 394 
Energy to Peak J 1.04 0.56 
Peak Deflection mm 5.1 3.86 
5.4.5 Composites produced from Brabender 
The Brabender was used to compound coated and uncoated glass fibres with polymer 
matnces. 
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Figure 5.36 J-Integral plots: Composites from 2 Roll 
Mill 
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TABLE 5 -XI Properties of PA 6 composites from the Brabender 
INTERLAYER None None UHMWPE 80% HDPE 
20% UHMWPE 
% (w/w) on 
glass 8.33% 8.33% 
Glass % (w/w) None 16.6% 8.3% 16.6% 
ROSAND RESULTS 
Specimen 
thickness (mm) 1.10 1.07 1.175 1.24 
Peak load 
Newtons, at 68 N 165 N 111 N 840 N 
deflection (mm) 6.02 4 2.69 11 
Peak energy 
(Joules) 0.268 0.44 0.141 3.96 
Total energy 
(Joules) 0.361 0.836 0.89 5.33 
3 POINT BENDING 
Flexural Modulus 
(MPa) 3001 8000 1600 1700 
Flexural 
Strength (MPa) 86 133 70.5 No failure 
The materials with the interlayer were extremely ductile in comparison to both the pure 
Nylon and the glass filled Nylon with no interlayer. An indication of the poor adhesion to the fibres 
can be seen in the Micrographs on Figures 5.30-33. 
5.4.6 Composites from the 2 roll mill 
The 2 roll mill proved very useful for the production and blending of composites based on 
polyolefin matrices. The unit was not capable of running at a sufficiently high temperature to 
process polyamides, nor pure UHMWPE. However, the polyolefin based composites provided a 
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Figure 5.37 Tensile results for PA 6 composites proc 
with the twin screw extruder 
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practical way to compare the relative effectiveness of the various surface treatments, and to 
investigate the correlation between microscope slide tests and adhesion in a composite. 
Figure 5.36 shows the J-Integral plots for HDPE based composites from the 2 roll mill. 
The process conditions are described in section 4.7.1 
In order to compare the bonding techniques that had given the best results in the lap shear 
microscope slide tests, a series of HUPE based composites were produced on the twin screw 
extruder. Natural HDPE, and HDPE with 2% Cereclor 70 and 0.02% MgO were also produced 
as a control. The results of the impact tests can be seen in figure 5.38. In this figure, "Cl" refers 
to Cereclor 70. The glass content, as measured from combustion at 600°C were: 
0% for the pure and HDPE + 2% Cereclor 70. 
8.12% for "Glass"; 8.5% for DCP/Glass; 8.75% for Cl + Glass; 8.0% for Cl + DCP/Glass 
These percentages are w/ w in every case. 
The aim was to produce identical glass loadings for ease of comparison. There was no 
obvious difference in fibre length distribution apparent between different samples after all organic 
material had been burnt off. 
Figure 5.34 shows A3710 filled with short glass fibres, using the 2 roll mill. The reduction 
in fibre length from an initial nominal value of 6 mm can be clearly seen. Figure 5.35 shows the 
same material with the magnification increased by a factor of 10. 
5.4.7 Composites produced with the twin screw extruder 
Figure 5.37 shows the tensile strength and elongation at failure from they- , compounds. 
The bars refer to the tensile strength shown in MPa on the left hand side of the plot and the lines 
refer to the % elongation on the right hand axis. The corresponding impact results are shown in 
figure 5.38. 
Figure 5.39 shows a micrograph of the fibres from a specimen after being impacted in the 
Rosand instrument. The PA6 contained 5.8% glass by weight. This is indicative of the best bonding 
achieved between glass, UHMWPE, and PA6. 
Figure 5.40 shows how the impact performance of HDPE was affected by the addition of 
5% v/v glass fibre, with various bonding agents. The left hand bars ("pure") refer to the polymer 
(p 
as supplied. The second shows the properties of HDPE blended with 2% w/w, 70, with no 
reinforcing filler. "Glass" refers to material with 8% v/v glass fibre added, using Z 6032 silanc 
bonding agent. As indicated in table 5. V this silane gave one of the best results in the lap shear 
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Figure 5.39 Glass fibre with well bonded UHMWPE 
interlayer (DCP+20% A 3710) 
Figure 5.40 Impact results for HDPE reinforced with 
chopped strand glass fibres. 
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tests for HDPE/UHMWPE with unmodified silanes, although with a bond strength of about I MPa 
its performance was well below silanes treated with DUP etc. The next data in figure 5.40 
("DCP/Glass") are for the same material, but with 1% DCP added to the Silane. This bonding gave 
a strength in the range 6.9-9.4 MPa in the lap shear tests. The next set ("Cl +Glass") refers to using 
Z6032 + 2% (. -adiý /U as the sizing material. This gave a lap shear strength of about 20 MPa. 
The final set of data in figure 5.40 ("C1+DCP/Glass") relates to the same basic composite, but 
where both C ,, 9i v70 and DCP are used to enhance the bonding of Z6032 to HDPE. 
Figure 5.41 shows similar data for A 3710 MX with and without glass (8% v/v), again using 
Z6032 as the base silane. 
Figure 5.42 shows the flexural moduli of PA 6 with various levels of glass fibre. The 
UHMWPE interlayer contained 20% A 3710 MX to enhance adhesion, and the glass was treated 
with Z 6032 silane with 1% DCP. The interlayer level was about 5% of the glass content by weight, 
or over 10% by volume. 
-95- 
0 
Figure 5.41 Rosand weight impact results for A 3710 MX 
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There were two principle aspects to this work: 
An FEM model was developed to predict the performance of composites that use an 
interlayer between the reinforcing filler and matrix. 
Simultaneously an effort was made to produce tougher composites by developing a 
technique to bond UHMWPE to both glass and a PA matrix, developing a method to coat fibres 
with such an interlayer, and fabricating test specimens that made use of these procedures. 
In this chapter the effectiveness of the practical work and theoretical model is discussed 
with reference to both each other and also to other published work. 
Gels and solutions of polyolefins were selected as a means of coating substrates such as 
microscope slides and fibres. As discussed in section 6.1.1 it soon transpired that only UHMWPE 
or blends of this polymer with other thermoplastics were capable of forming gels to coat fibres. 
This section discusses the general results obtained and observations gained whilst investigating gels 
with a view to coating glass fibres. 
6.1.1 Film Formation 
The low molecular weight materials were unable to form continuous films on either 
microscope slides or glass fibres after evaporation of the solvents. There was a critical level (about 
0.5% w/w) below which UHMWPE was also unable to form films on substrates. This 
concentration also seems to be a critical value for the viscosity/ concentration plots, in as much as 
the reduced viscosity rises at a dramatic rate above this level. (See figure 5.12 facing page -81-) The 
question arises as to why it is impossible to prepare dried films from the lower molecular weight 
materials. The most likely explanation is that once the concentration of UHMWPE reaches a 
critical level then entanglements between molecules which can act as intermolecular crosslinks build 
up to such a level that many molecules become simultaneously attached to two or more of their 
neighbours, effectively forming a network. This network is clearly capable of trapping molecules 
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from other polymers such as polypropylene, HDPE, or co/terpolymers. The pure HDPE exhibited 
a higher degree of crystallinity than the UHMWPE films implying that the entanglements which 
act as interlaminar crosslinks result in less material being available to form crystals. 
The following generalisations may be inferred from the above: 
i) Materials capable of forming thermoreversible gels (e. g. ultra high molecular weight 
polypropylene) will also be able to form films on solvent evapouration 
ii) As it has been established in the literature that amorphous materials can in many cases be 
deposited on fibres from solution, it appears that the problems found with the lower molecular 
weight polyolefins were due to their crystalline nature which encouraged the formation of lumps 
and agglomerations around lamellae as the solvents evaporated. 
Figures 5.22 and 5.23 (facing page ý-87-) show fibres dipped in a blend of 80% UHMWPE 
and 20% A3710. The fibres are coated by the film which is quite thin and uneven. Several coatings 
could be applied to give a thicker layer but the surface finish was always uneven as indicated in 
these figures. From the point of view of predicting the likely performance of composites using such 
interlayers, this uneven distribution of material presents problems. It is difficult to devise a model 
for the random unevenness of the coating. And if one decides to ignore the UHMWPE fibrils and 
agglomerations of material occurring at irregular intervals along the length of the fibre and assume 
that there is a more or less uniform effective interlayer thickness, then there is the problem of how 
to measure or estimate this thickness experimentally in order to compare the predictions of the 
model with experimental data., In other words, knowing that a fibre or tow of fibres have been 
coated with a certain volume of UHMWPE, how can the effective interlayer thickness be 
determined when the distribution of material is as irregular as that displayed in the above 
mentioned figures? 
6.12 Pure UHMWPE (See Appendix 3 pages XLI-XLV): 
It was noted that the "as received" or "nascent" powdered UHMWPE had a distinctly higher 
melting point than the same material after crystallization from the melt. This implies that a unique 
morphology must result from the nearly simultaneous polymerization and crystallization which takes 
place in the reactor. The nascent powder generally displayed about 80-84% crystallinity, whereas 
the melt crystallized material had a crystallinity of around 50-55%. These values for crystallinity 
assume that UHMWPE has an identical enthalpy of fusion as that reported for HDPE" "1. 
The density of a perfect crystal is around 1 g/cc while that of the amorphous polymer is aroundI 
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0.865 g/cc. Thus melting the powder and recrystallizing should result in a decrease in bulk density 
or an increase in volume. Therefore preventing free expansion while heating would tend to suppress 
melting. Crystallization from dilute xylene solutions of either nascent powder or moulded films 
resulted in gels that exhibited identical melting behaviour. It is interesting to note that the 
recrystallization exotherm of a molten film formed from solution is much sharper than that of the 
nascent powder crystals. This is probably because extensive molecular fractionation occurs during 
crystallization from solution, where the most regular molecules (or sections of molecules) crystallize 
first. 
The material from a 1% solution in Xylene had a M. Pt of about 137°C irrespective of the 
history of the UHMWPE prior to making up the solution. This indicated a higher level of 
crystalline order than was exhibited by the material that had been formed from a melt, but not so 
high as the nascent material. 
Thus we may conclude that films of UHMWPE, compression moulded at 145°C from 
nascent powder, retain the calorimetric characteristics of the original powder to a degree dependent 
on moulding pressure and sample location. Recrystallization of nascent crystals can be repressed 
by pressure in the mould. Molecular weight fractionation during crystallization from a gel at around 
95°C produces very sharp recrystallization exotherms. 
6.13 Blends of UHMWPE and other polymers 
Differential thermal analysis is well known as one of the most effective techniques for 
determining the extent of polymer compatibility. Merging of the glass transition temperatures of 
the constituents to a single intermediate value generally is accepted as verification of thermodynamic 
compatibility, both for mixtures of amorphous polymers and those regions of semi-crystalline 
polymcrs which are amorphous (l"1. Extensive compatibility will occur only in the amorphous 
regions as co-crystallization is very infrequent. 
UHMWPE and PP (See figure 5.17 facing page -84-): 
These were blended at ratios of 75/25,50/50 and 25/75. The texture was generally fibrillar 
with no indication of separate domains. This indicates intimate mixing of the two components in 
their amorphous phases. The separate and distinct melting point regions on the DSC curves indicate 
that there was no co-crystallization, which is exactly what one would expect. As the proportion of 
UHMWPE is increased the melting point decreases from 131-128°C, and a similar effect was 
observed with the PP melting point varying from 165-161° C. The overall depression of the melting 
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points and the apparent intimate mixing in the amorphous phase is probably due to the level of 
entanglement between the UHMWPE and the PP chains. This would hamper the growth of 
separate phases of the two polymers in the gelation/crystallization process and would lead to less 
perfect crystallites being formed. 
UHMWPE and high density polyethylene: 
In contrast to the blends with PP, those containing 30% or less HDPE did not show two 
distinct peaks on the DSC curves indicating that co-crystallization may occur. These results are 
comparable to those reported by Vadhar and Kyu(175) for blends of UHMWPE and LLDPE 
where co-crystallization may occur even for 60/40 blends. 
6.1.4 Conclusions and summary 
Materials capable of forming class II thermoreversible gels, such as UHMWPE or 
UHMWPP are also capable of forming films on substrates such as fibres. 
The precise morphology and hence physical characteristics of these films is determined by 
their history in the gel formation stage. In the case of UHMWPE the nascent polymer clearly has 
a different morphology. 
This work has demonstrated the practicality of tailoring an interphase material by blending 
compatible polymers in the gel precursor solution. However there are problems in obtaining a 
regular even coating of controlled thickness on fibres. 
In this section the effectiveness of the screening methods used to classify and rank bonding 
techniques is evaluated and discussed. These screening techniques are also considered from the 
point of view of selecting suitable materials for use as interlayers to modify the mechanical 
behaviour of reinforced composites. 
62.1 Raw Material Characteristics 
The results in Figure 5.27 (facing page -89-) are much as expected for tensile load versus 
extension. The values for failure for UHMWPE at around 430-450% are a little lower than 
generally quoted in the literature, perhaps because the testing speed was higher than usual. The 
very long elongation to failure of this material is due to cold drawing as the molecules are 
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orientated in the direction of stress during deformation. This also occurred with HDPE, but to a 
lesser extent. It is interesting to note that the more rubber like A3710MX was able to support 
higher loads than the pure polyethylenes at around 80-150% extension. Figure 5.23 graphically 
illustrates the superior impact behaviour of UHMWPE over HDPE which in turn was substantially 
better than nylon PA 6. The differing shapes of the curves are in part due to their differing modes 
of failure. The first two peaks in the nylon curve occur as cracks form. The final peaks between 
4 and 10 mm deformation are due to friction on the indentor as it penetrates the specimen. The 
UHMWPE continuously deforms to a distance of about 16 or 17 mm and then rapidly yields as the 
indentor penetrates the material. The damage was quite localized and a small hole was left in the 
specimen. The HDPE specimen looked similar to the UHMWPE after failure with only localized 
damage. But with HDPE there appears to be a yield point at around 10 mm penetration after 
which the resistance slowly declines. 
622 Lap shear test results 
Typical test results are shown in figure 5.25 (facing page -88-). The knee displayed around 
the 1-2 mm extension is probably due to slack being taken up in the tensile testing jig and possibly 
also to the initial deformation of the interlayer. Table 5. V (pages 84-86) shows the range of results 
obtained during screening tests for the best bonding techniques. 
The "cross linkable" polyethylene (ISOPLAS P451), produced by grafting organo-silanes to 
the main polymer, gave a bonding performance that was indistinguishable from HDPE. This may 
be explained by the fact that all end groups of this material areOCH,, which need to be hydrolysed 
to MeOH while the Si is hydrolysed to SiOH before any of the Silane can become available to bond 
with the glass. 
Both ethylene/ acrylic acid copolymer (A3710MX) and ethylene/butadiene/acrylic acid 
(A2910M) were able to give reasonably good bonds to glass even with no silane treatment as was 
the Sodium-ethylene ionomer (SURLYN 8660). 
The following commercial organosilanes were used in these screening tests: 
A1120: (EtO)3Si-CH2-CH2-CH3-NH2 
Z-6020: (MeO)3Si-CH2-CH2-CH2-CH2-NH-CH2-CH2-NH2 
Z-6032: (MeO)3Si-CH2-CH2-CH2-CH2-NH-CH2-CH2-NH-CH2 O CH = CH2. HCI 
PC2A/ 1B: Trade secret 
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Figure 6.1 Effect of DCP on adhesion of UHMWPE to 
glass slides 
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A1120 and Z-6020 gave results which were indistinguishable in the lap shear tests, which 
is perhaps to be expected from inspection of their structures. These silanes were used to coat nylon 
strips and it proved possible to get excellent bonding with both co-polymers containing acrylic 
groups and blends of these co-polymers with UHMWPE. But they were ineffective in bonding 
HDPE/UHMWPE to glass -See figure 6.1 which shows data plotted from Table 5. V. Inspection 
of figure 6.1 makes it clear that while chemical bonding caused by the free radical generation of 
DCP at moulding temperatures promotes adhesion, there must also be factors other than chemical 
bonding involved to explain the superior performance of the styrl amine functional silane over the 
other two materials. One possibility is that the silane with cationic vinylbenzene and some -CH, - 
chains (Z-6032) may be sufficiently compatible with the PE to blend with the polyolefin in the 
molten state, and then homopolymerize to form an IPN, with the bulky styrl group helping to trap 
sections of the polyolefin. 
Using Z-6032 silane also gave some improvement to the acrylic acid containing 
co/terpolymers, but not as substantial as one might have expected, indicating that the reactive 
groups on these polymers are capable of giving effective bonding to glass without the benefit of a 
silane coating. Adding 1% DCP to Z-6032 silane massively increased the bonding power of glass 
to A3710MX, and resulted in the strongest bonds measured. 
The PC2A/ lB did not give such outstanding performance with A3710MX and actually 
reduced the adhesion with A2910M. These results may appear somewhat surprising in as much as 
this product also relies upon a peroxide to bring about bonding. However they may also be seen 
as further evidence that the primary bonding mechanism of glass to polyolefins is not chemical but 
comes about through physical methods. This silane did improve the performance of bonding 
UHMWPE and gave good results with polypropylene for which it is specifically recommended. 
Perhaps a silane that has been developed to give good compatibility with polypropylene is not so 
compatible with the acrylic acid/butadiene/ethylene copolymer. 
Screening tests on the PC2A/ IB to find the best ratio seemed to indicate that 2-1 weight 
to weight gave the best results with UHMWPE. Results from table 5. V have been plotted in figure 
6.2. There is an optimum level of the peroxide containing component (PC1B). Too little peroxide 
does not result in sufficient free radical generation to allow full chemical bonding of PE to the 
organo silane. Too much peroxide may lead to localized degradation of the PE in the area of the 
interface, but perhaps a more plausible explanation is that there is some interference in the 
formation of an effective IPN (interpenetrating network) between the PE and organo silane. 
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Figures 5.31 and 532 show micrographs of fibres coated to PA6 using an organo silane and 
no special interlayer. The matrix-glass adhesion is clearly stronger than the matrix. These 
micrographs are typical of glassfibre reinforced nylon fracture surfaces. Figure 5.39 (facing page - 
96-) shows a very clean glass fibre that was formerly coated in an UHMWPE, to a bond strength 
of about 6 MPa according to the lap shear test. This material was quite tough due to the energy 
absorbed in stripping the interlayer from the glass, but had a very low modulus due to poor stress 
transfer. Figure 531 (facing page -92-) shows the effect of increasing the lap shear strength of the 
bond from 6MPa to 2OMPa. The bond is now stronger than the UHMWPE/acrylic acid-ethylene 
copolymer, and a useful amount of energy is absorbed by interlayer deformation on fibre pull out. 
Bonding with chlorinated paraffin wax (Cereclor 70) also gave very good results on the 
microscope slide tests with the glass often failing before the bond. 
623 Three Point Bending Results 
Typical failure modes are shown in figure 5.26 (facing page -88-) and results are shown in 
Table 5. VI. A good bond between the nylon and glass with no interlayer results in a brittle failure. 
Once a crack initiated in the glass it would travel directly through the interface and nylon. The 
presence of a well bonded interlayer completely changes the mode of failure. Usually cracks appear 
in the glass around the centre loading point. As the displacement increases the glass slides 
progressively break further and further away from the centre point. No cracks could penetrate the 
interlayer and both glass layers would fail in stages independently. The beams retained significant 
load bearing capacities for a long time after the first failures occurred. The interlayers making use 
of chlorinated paraffin wax (Cereclor 70) to enhance their adhesion had a noticeably poorer 
performance than those which did not. Thus this screening test may be taken as better in filtering 
out those bonding techniques which tend to degrade the interlayer. The poor performance of 
interlayers containing Cereclor was probably due to degradation caused by the HCI, in spite of the 
attempts to limit this by using MgO. Nevertheless the inferior performance of the Cereclor 70 
containing compounds in 3 point bending was not as stark as that of the fibre filled composites. 
The actual reductions in modulus experienced with these interlayers was much greater than that 
predicted by theory. This would indicate that although there was a good correlation between the 
performance of interlayers in these 3 point bending tests and fibre filled composites there was in 
fact not perfect bonding along the entire surface of the glass slides. 
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62.4 Conclusions 
From inspection of the raw material properties we would expect unmodified UHMWPE 
to give good performance as a tough interlayer. 
A combination of chemical and physical bonding, perhaps through IPNs in the latter case, 
are required for optimum performance in bonding polyolefins to glass using the commercial organo 
silanes described here. The physical bonding mechanism was found to be more important. 
The lap shear tests are a rapid and effective means of evaluating different sizing 
formulations as applied to glass fibres. This qualitative screening procedure, using glass microscope 
slides was originally reported by Pleuddemann(54) , and has been taken one step further in this work 
to give quantitative results which correlate well to adhesion performance in the composite. 
However, they are unable to differentiate between suitable and unsuitable tough interlayer 
candidates. 
The 3 point bending tests were better in the latter respect, and were not very much more 
time consuming. 
This section considers the changes in mechanical performance introduced to composites 
using the fibres coated with special interlayer materials. These results are also compared with those 
reported in the literature. Section 6.4 compares experimental with theoretical results. 
6.3.1 Phenolic Composites 
These results are shown in figure 5.29. The most significant aspect of these results is the 
way in which they draw attention to the fact that the mode of failure is so important for impact 
performance. The specimens with no interlayer, marked as "standard" in figure 5.29 could either 
fail by having a neat hole punched into the centre in which case they gave the worst impact 
performance in terms of energy to failure or they could fail by forming a hole in the centre of the 
impact area with tears or cracks running radially outward from the centre. The latter case is 
marked in the diagram as "standard, tear". Note that the term "tear" here is used fairly loosely to 
describe cracks with jagged edges that manifested considerable evidence of fibre pull out. The 
secondary peak occurring at between 5 and 10 mm penetration is due to the energy absorbed by 
the tearing action. Whether a specimen would fail with or without these radial cracks appeared 
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quite random, and illustrates one of the difficulties of obtaining consistent and repeatable impact 
results. The specimens with UHMWPE interlayer tended to give superior performance to the 
standard specimens which failed without radial cracking, but they never achieved the energy to 
failure of the specimens which did produce the crack branching. At no time did a specimen with 
an interlayer fail with a tearing mode. They always appeared to have only local damage around the 
impact site. The best result of all came from the over cured specimens which suffered catastrophic 
failure on impact, and were reduced to a pile of dust and fibre. While it is clear from the curve 
that these over cured specimens had very little load bearing ability, they do have considerable energy 
absorption characteristics. The material with an interlayer cannot be said to have unambiguously 
superior performance to the standard untreated composite. 
Table 5. VIII summarizes the mechanical properties. The thin interlayer gave far better 
results than the thicker interlayer. There was almost no decline in flexural strength relative to the 
control material. 
632 Laminates from PA 6 Films 
These results are summarized in Tables 5. IX and 5. X. They show that a poorly designed 
interlayer is considerably worse than having no interlayer. The bonding agents used should be 
reasonable effective but were not as good as those subsequently developed judging from the 
screening tests describe above. The interlayers were also probably too thick. The net result was 
that the materials with an interlayer had inferior performance in every respect. The tensile modulus 
was reduced as expected. The impact performance was also reduced by about 50%. 
633 Composites produced from the Brabender 
These are summarized in Table 5. XI. The reduction in modulus is now substantial. The 
filled material has only about half the modulus of the pure matrix and less than 20% of the 
modulus of the controlled glass filled material without an interlayer. These experiments were 
carried out early on in the work when it was believed that results in the initial lap shear screening 
tests of in excess of 1ON per mm2 (i. e. sufficient to break a1 mm thick microscope slide) would 
be good enough to give adequate bonding in a composite. The microscopic evidence typified by 
figure 533 (facing page -92-) conclusively shows that this belief was unjustified. A comparison of 
figures 5.31,532 and 5.33 clearly show the difference between a well and poorly bonded matrix. 
Figure 5.31 shows PA6 adhering to the glass fibre (using a standard unmodified silane, Z 6032 in 
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this case, but A 1110 gave similar results) after impact failure. The bond was stronger than the 
matrix. In the case of the UHMWPE interlayer, figure 5.33, the glass has been stripped completely 
clean of polymeric material as the composite failed. 
The interlayer has substantially modified the mechanical behaviour of the composite, but 
not in an entirely beneficial way. The impact strength in terms of energy to failure was greatly 
enhanced, by a factor of about 6. The material with an interlayer was extremely ductile and would 
be forced through the 3 point bending jig without any sign of failure. It seems reasonable to say 
that the impact improvement which we have here is analogous to that claimed by Suh et A"') and 
Mai" when fibres are coated in viscous oils. 
63.4 Composites from the two roll mill 
DMA results: 
Figure 5.19 (facing page -85-) shows the measurements of tan 8 for natural UHMWPE, 
PA 6 and glass filled PA6. The addition of 15% (v/v) glass reduces the tan 8 value for Nylon 
slightly, except at high temperatures. 
Figure 5.20 shows the effect on tan 8 of adding an UHMWPE interlayer to the glass. The 
value is at least double that of the composite with no interlayer throughout the temperature range, 
and is almost tripled around 60-80°C. In fact the composite with an interlayer has even greater 
tan 8 values than natural UHMWPE. From these results we should expect a slight reduction in 
toughness when glass is blended with PA6 at a 15% loading, but we should expect the UHMWPE 
interlayer to greatly improve the ductility and toughness. This expectation is confirmed for ambient 
conditions at least by the impact results shown in figure 5.38 (facing page -94-). The 15% glass 
reinforced material absorbed greater energy to failure with than without an interlayer. 
Figure 5.18 shows the flexural storage moduli from the same samples. There is very good 
agreement here between the results obtained by the DMA and those obtained from 3 point bending 
tests (figure 5.37 facing page -94-). There was also a substantial reduction in modulus, after the 
interlayer was applied. 
J Integral plots (Figure 5.36 facing page -93-): 
Although these have been plotted as straight lines, which is what the theory requires, in fact 
there was a wide scatter of results, which is a common occurrence with toughness tests. 
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. The slopes of these lines are equal to -Jo for the materials concerned( 
130 i 136 
Inspection of this figure reveals that there is little overall difference between the filled and unfilled 
materials, reflecting the fact that HDPE does not become brittle at these glass loadings, unlike 
Nylons. Nevertheless there is clearly a progressive reduction in J,, as the level of reinforcing filler 
is increased from zero to 27%. However the slope for 12% glass that has been coated in 
UHMWPE using DCP to improve bonding is virtually identical to that of the unfilled HDPE matrix. 
The following factors may contribute to this improvement in toughness: The fibres could 
benefit from an UHMWPE interlayer due to its intrinsic toughness. Secondly the presence of DCP 
in the silane may result in sufficient crosslinking of the UHMWPE in the region of the fibre to give 
a greater modulus, resulting in an interphase of gradually declining modulus, similar to the "Graded 
Interlayer" which the FEM predicted would give good results. Finally the DCP gives better bonding 
to the filler and this alone could give higher Jc numbers. 
63.5 Composites from the twin screw extruder (Figures 5.37-5.42) 
Figure 5.42 shows the flexural modulus results. At a 5% fibre loading with the interlayer 
the modulus falls to below that of pure Nylon. At higher filler loadings the modulus is higher, but 
still inferior to the values measured from fibres with no interlayer. Figure 5.37 shows a very similar 
picture for tensile strength and elongation to failure. The tensile strength at 30% filler loading is 
actually improved by the interlayer. The elongation to failure decreases from 80% down to less 
than 5% with 30% glass and no interlayer. The interlayer allowed higher strains to failure which 
accounts for the higher ultimate strength at 30% filler loading. 
Figure 5.39 shows that there is very good bonding of the interlayer to the glass. In the case 
of the composites from the Brabender, where no DCP was used in the silane, the glass was stripped 
bare as the material failed -see figure 5.33 (facing page -92-) and it was found that as the level of 
filler was increased, the composite strain to failure also increased. It is clear from figure 5.39 that 
some polymer deformation of the interlayer has taken place during failure, but perhaps not as much 
as one might expect for UHMWPE. 
These experimental results showed a greater decline in properties than the FEM predicted 
for thin (thickness 5% of filler radius) interlayer composites, based on an interlayer modulus of 
1000 MPa. 
Some possible explanations for the poor mechanical performance are: 
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i) The coating was in fact an 80: 20 blend of UHMWPE and A 3710. Perhaps this 
disproportionately diluted the mechanical performance of the interlayer, such that the copolymer's 
properties dominated that of the blend. If the modulus of the interlayer is assumed to be directly 
proportional to that of the constituent components (as measured during this study -section 5.4.1), 
we would expect the interlayer modulus to be over 470 MPa. However it is possible that a 20% 
copolymer constituent could interfere with the crystallinity or morphology in such a way as to 
reduce the modulus of the interlayer still further. This could also explain why the interlayer 
deformation on fibre pull-out was less than anticipated for UHMWPE. 
ii) The addition of DCP may well have caused excessive cross-linking in the interlayer, 
causing the ductility to be reduced. However, usually one would expect very high levels of cross- 
linking to be required in order to give a significant reduction in the ductility of a polyolefin. 
iii) The mode of failure at the interface induces low strains which do not allow the 
UHMWPE to absorb large amounts of energy by plastic deformation, which would be the usual 
mode of failure of the pure material, as shown in figures 5.27 and 5.28 
It could be worthwhile checking i) and ii) above by mechanically testing various blends of 
UHMWPE and co/ter polymers with and without DCP being added. The impact and tensile 
performance would be of particular importance. 
6.4.1 Simple beam theory 
A comparison of the theoretical predictions with the measured moduli presented in table 
5.1 (page -76-) shows that the simple beam theory tends to overestimate the moduli of composite 
beams. The most accurate results were in fact obtained when no interlayer was used. The 
discrepancy between theory and practice is due to the assumption of perfect bonding being 
inaccurate. In the case of the interlayers based on acrylic acid/butylacrylate/ethylene terpolymer 
(A2910 M), where a relatively thick interlayer was used, some inaccuracy could also be caused by 
plastic or non Hookean deformation resulting in an inefficient transfer of stress along the interface. 
This effect is likely to be more pronounced with softer polymers - A2910 M has a yield stress of 
around 10 MPa and a modulus of about 55 MPa. 
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6.42 Validity of FEM present model 
To achieve the efficient use of composite materials it is necessary to understand how they 
behave under applied loads or strains. A micromechanical analysis of composite materials is needed 
to accurately predict the internal stress distributions which are mainly responsible for the overall 
behaviour of the composites under given loads. A knowledge of the stress distribution helps in the 
understanding of the material behaviour in two ways: The stresses around the edge of the 
composite can be used to calculate the overall modulus of elasticity. Secondly, any regions of high 
stress concentration will reveal likely failure locations. The onset of a failure may be the formation 
of a crack in brittle (e. g. ceramic) matrix composites or the start of yielding in the case of ductile 
(e. g. metal and thermoplastic) matrices or the initiation of internal crazing in rubber modified 
polymers. Irrespective of the mode of failure of the material we would expect the initiation to 
occur in the areas with the highest stress concentrations. 
The FEM model gave results which were in good agreement with both the simple beam 
theory and the PC-STRAN model. This allows the more complex cases of the interlayer, matrix 
and fibre or spherical fillers to be examined with some confidence. A further confidence limit may 
be reached by comparing the results with those published in the literature for composites with no 
interlayer. 
The results obtained for composite modulus and for both Von Mises, shear and tensile 
stress distributions are numerically comparable and at least qualitatively similar to those obtained 
by Guild and Young"', "' for spherical particles in a resin matrix. The mathematical model which 
they used from LUSAS was quite different to the FEM used here. The LUSAS model is unable 
to cope with incompressible materials"') but can readily deal with Poisson ratios in the range 0.2- 
0.49 in direct contrast to the program in appendix 1. Their predictions of the variation of Young's 
modulus with volume fraction for epoxy resin filled with glass spheres was slightly over optimistic 
compared to experimental values but nevertheless gave more accurate results than the model used 
in this study. However, the reason for this has more to do with the assumed particle distribution 
than with the computer model itself. In the present model, the distribution is assumed to be a 
regular array whereas Guild and Young and modified their results, according to a method by Davy 
and Guild"") to account for a more realistic random filler distribution. 
The shear stress distributions obtained from our model and that of Guild and Young were 
identical. It is difficult to compare the radial and tangential stresses as they have been presented 
in different ways. These authors found the Von Mises stress to be at a maximum at the interface 
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Figure 6.3 Comparison of FEM model with LUSAS model 
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at an angle of 42° to the applied force. The results found here imply a maximum somewhere in 
the region of 30-45°. See figure 63 for a comparison. The greater precision of their result is due 
entirely to the extremely fine mesh which was used. The results which they found for a rubber 
particle imbedded in a resin matrix""' were also similar in qualitative terms at least to those found 
here for low modulus elastic fillers, but while the LUSAS plot shows a minimum value around 34° 
the present FEM shows only a slight inflection at this point. 
The novelty of the present FEM analysis lies in the stress analysis of composites with an 
interlayer. Clearly there is no known source of comparison, but the similarities mentioned above 
allow us to have some confidence in the predictions made about the behaviour of composites with 
an interlayer. At low volume fractions of filler loading there is no reason to suppose that the model 
will be any less accurate in working with an interlayer than without an interlayer. Although the 
model will still tend to overestimate the composite modulus due to the inaccuracies in the filler 
distribution already mentioned, it seems reasonable to assume that predictions as to where the 
greatest stress concentrations should occur will remain accurate. 
A further reason why traditional models, which assume both a regular particle distribution 
and elastic filler/matrix with no interlayer give high results, especially at greater volume fractions, 
may be that their assumption of no interlayer is just as invalid as their filler distribution. Real 
composites may well have inadequate bonding such that they are better modelled by using a very 
thin weak interlayer. Additionally transcrystallinity and/or other effects which fibres can have on 
the local morphology of the matrix (See chapter 2.1 page -23-) could also mean that the interlayer 
model is more realistic. The morphology of the matrix around the filler may be modified such that 
a thicker interlayer perhaps of graduated modulus may be a better approximation. 
6.4.3 Stress contour plots (Appendix 4) 
The plots in appendix 4 show the effect of 1% compressive strain in the y direction. Plot 
1 in appendix 4 shows the finite element grid most frequently used to analyze spherical particles or 
cylindrical (fibre) fillers. All the contour intervals are in units of 10 MPa apart from those 
indicated as using a contour interval of 5 MPa. 
Plots 2-8 show the shear and tensile stress distributions in the matrix for glass volume 
fractions varying from 335% (Rad sphere=9µm) to 7.0% (Rad Sphere = 11.5 µm). As one would 
expect in every case the stress distribution in the matrix is fairly uniform and the level of stress is 
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small. The glass filler takes most of the load. The stress concentration gradients, particularly in 
the case of shear stress are most pronounced at the fibre matrix interface. 
Plots 9 and 11 show the shear and compressive stress contours in composites with a thin 
interlayer between the fibre and matrix. A comparison of plots 5 (with no interlayer) and 9 (with 
a 0.5µm interlayer) show that the overall shear stress distributions are very similar. The stress 
gradients at the interlayer are very much less severe than at the matrix filler interface shown in plot 
5. It should also be noted that the peak values for the stresses both in the matrix and in the filler 
have been reduced, indicating that the composite is bearing slightly less load at this strain. Although 
this type of result may have been anticipated, the model has revealed both the small loss of load 
bearing capability and the marked smoothing of stress contours around the boundary. 
A comparison of plots 7 (without an interlayer) and 11 (with a 0.5µm interlayer) lead to 
similar conclusions with regard to the tensile stress distribution. Again the peak stress in the filler 
has been reduced as have the stress concentration gradients in the interlayer area. 
Plot 13 shows the stress distribution with an interlayer of intermediate (1.5µm) thickness. 
This shows a radically different stress distribution to those cases with a 0.51im or no interlayer. 
There is a contour line of zero shear stress (i. e. principle stresses only) running through the centre 
of the interlayer from 0 to 45° and then out through the matrix also at 45°. To one side of the 
contour line lies a region of positive shear stress with a peak occurring at about 67.5° and 
symmetrically on the other side lies a region of negative stress with a peak at 22.5° . Although this 
plot is not completely symmetrical it seems reasonable to assume that it would be with a finer mesh. 
A second contour of zero stress runs from 90° to 45° and then curls into the centre of the sphere. 
This result for zero shear stress at the interlayer is identical to that reported for the LUSAS model 
for an epoxy matrix filled with rubber spheres. Thus the present model leads to the conclusion that 
a thin (5% of the filler radius) interlayer has little effect on the composite modulus, but at some 
critical value of thickness, which will be a function of the moduli of the filler, interlayer and matrix, 
there is a rapid degradation of composite properties as the interlayer becomes thick enough to 
isolate the reinforcing filler from the applied stresses. The composite with a stress distribution 
shown in plot 12 would be expected to initially fail at a point in the matrix close to the "equator" 
of the sphere. 
Plot 12 shows the tensile stress distribution with a thick, 2.0 µm, interlayer. There is an 
discernible region of the interlayer around the 0-15° arc which is revealed as having zero tensile 
stress, and hence no contribution to supporting the load. 
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Plots 15 and 16 compare the effect of increasing the modulus of the interlayer from 100 
MPa (plot 15) to 2100 MPa (plot 16). A modulus of 100 MPa is almost double that of co/ter 
polymers used in this study (A2910M, A3710MX)-see table 5. VII page -89-. The compressive stress 
distribution in the matrix with an interlayer of 2100 MPa is similar to that for a composite with no 
interlayer (plot 7). The load bearing ability is hardly impaired. On the other hand the 100 MPa 
interlayer results in considerably lower stresses in both the matrix and the filler. There is actually 
a high negative stress concentration around the interlayer in an area close to the "equator" of the 
spherical filler. Even with a thin, 0.5µm, interlayer the level of stress transferred to the reinforcing 
filler is so small that the material behaves effectively as if there were a void in the place of the filler 
particles. 
Plots 17 and 18 present the effect of a "Graded Interlayer". The gradations chosen of 56, 
38 and 21 GPa represent a gradual decline in modulus of that of the glass (78 GPa) to that of the 
matrix (3 GPa). This does give relatively moderate stress gradients for a composite of given 
modulus, but would be extremely difficult to achieve in a controlled fashion in practice. Plot 17 
shows the shear stress distribution with a graded interlayer. Again the stress concentrations are 
much reduced when compared to having no interlayer (plot 5) or a thin interlayer (plot 9). The 
overall shape of stress distribution is nevertheless similar to these plots and unlike the distinctive 
pattern found with a thick interlayer (plot 13). In plot 18 the effect on tensile stress distribution 
of a graded interlayer is shown. The stress gradients at the interlayer are now much reduced. The 
load bearing capacity of the material is greater than with no interlayer and there is no area of 
especially high stress concentrations. 
As a result of work recently conducted on single fibre pull out tests, Piggott"") 
concluded that the best way to improve the toughness of a composite could be to introduce a ductile 
interphase of Young's modulus= (ElE. ) between the fibre and matrix. The present results for a 
graded interlayer provide theoretical support for this conclusion, and allow us to further postulate 
that a range of thin ductile interlayers in the interphase, each with a modulus around the geometric 
mean of its neighbours would result in minimizing stress concentrations while maximizing load 
bearing ability. Unfortunately the computer model gives no clues as to how to set about 
constructing such an interphase! 
Plots 19 and 20 show a hollow spherical filler. In fact the centre of the sphere was set to 
a modulus of 1 MPa to approximate a void, while the outer 2 microns were set to the modulus of 
glass. The load bearing ability is high as may be seen in comparing plot 20 with plot 7. Although 
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Figure 6.4 Experimental and theoretical results for 
tensile modulus as a function of filler content. 
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the volume of glass used is low, a large load is supported. On the other hand there arc clearly very 
great stress gradients and concentrations at both the inner and outer surfaces of the sphere. The 
pattern of stress distribution within the matrix itself is similar to that of a material with no 
interlayer as one would expect. This is also true of the shear stress distribution as can be seen by 
comparing plots 5 and 19. Again the matrix has a similar pattern of distribution; higher stresses 
existing because of the higher load supported and there are very severe shear stress concentrations 
at both surfaces of the glass. The shear stress is most severe at an angle of 35-50°. 
The hollow sphere has much higher stress gradients on both the inner and outer surfaces 
when compared to the standard sphere. So although a hollow sphere might seem a more 
economical and efficient use of filler material, in practice we predict these spheres are more likely 
to fail than solid spheres, at a given composite stress level. The extra glass surface is an extra 
source of potential surface faults and the high stress concentrations are likely to find those faults. 
6.4.4 Tensile Modulus as a function of Volume Fraction Filler 
Figure 6.4 shows results from the FEM with data published recently by Ahmed and 
Jones""' in a review of theories for particulate reinforcement of polymer composites. The 
Paul model"`"' assumes that the constituents are in a state of macroscopically homogeneous 
stress with cubic inclusions in a cubic matrix. Unlike the Paul approximation, the Hashin and 
Shtrikman model(41) takes into account the Poisson ratio-.,. Had the plot of the lower bound 
in figure 6.4 (or 6.5) been recalculated for nearly incompressible (y = 0.499999999999) constituent 
materials, the results would have been up to 1% lower for low volume fractions, and higher by a 
similar small amount for greater filler volume fractions, providing further indication that the 
Poisson ration does not have a large influence on composite modulus. Up until a filler loading of 
20% there is no effective difference between the lower Hashin bound, the present FEM model, and 
the experimental results. Above this level the FEM tends to give progressively higher results than 
both the Hashin lower bound and experimental data. 
- Figure 6.5 shows a similar comparison. At low filler volume fractions there is good 
agreement between theory and practice for both the present FEM, the LUSAS FEM model, and 
the lower Hashin bound. As the filler volume was increased the present FEM rapidly gave results " 
that were higher than both the experimental data and the Paul approximation. The experimental 
results are no longer accurately predicted by the Hashin lower bound, but the LUSAS model as 
presented by Guild and Young with a statistically based modification of output to account for filler 
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particle interaction within the matrix gives remarkably accurate results. The unduly high predictions 
from the present FEM at high volume fractions are to the basic assumption of filler distribution 
being incorrect. The model assumes a regular equidistant filler distribution which is clearly 
unrealistic. However, the lower the filler volume fraction, the less filler-filler interaction there is 
in practice and the less important the distribution effect becomes. 
Thus the present FEM model has been shown to work well at filler loadings below 15-20% 
and would undoubtedly benefit from the application of a more realistic model for filler distribution 
at higher filer loadings. The assumption of incompressibility for the FEM does not appear to cause 
problems with the accuracy, although it must be said that according to calculation based on the 
Hashin model at least, any errors introduced by this assumption would tend to slightly depress the 
results for low volume fractions, and increase them for higher volume fractions. 
Figure 5.4 (facing page -76-) shows how the composite modulus varies with the volume 
fraction of glass according to the FEM model with a 100 MPa interlayer, and no interlayer. The 
results for no interlayer, and experimental results from Smith("') are also reprinted in figure 6.3 
opposite, obtained from a resin modulus of 3.01 GPa and glass spherical particles of modulus 76 
GPa. 
In the case of the very weak interlayer, virtually no stress is transferred to the glass and the 
modulus progressively drops as the glass content is increased. In other words the glass beads behave 
almost like voids in this case. In fact the model predicted this behaviour for interlayers with a 
modulus of 300 MPa or less. It is worthwhile to note that both Schlund( "I and Lambla(46) 
and Broutman('4" found experimentally that using an elastomeric interlayer of Tg -20°C on 
glass fibres gave precisely this result; i. e. the composite modulus declined as the filler content was 
increased. When the interlayer Tg was increased to over 25° C and hence the modulus was higher, 
they found that the composite modulus once more increased with the filler content. 
The experimental results reported in chapter 5 also indicate that an interlayer that is either 
poorly bonded or too thick will result in a depressed composite modulus. When the model of a very 
low modulus interlayer is taken as appropriate for describing the situation of poorly bonded or weak 
interlayers, then the poor performance of the composites produced in the Brabender (sections 5.4.5 
and 63.3) is well described by the FEM. 
Note that these observations with respect to a weak interlayer causing the filler to act as 
a void in the matrix apply only to the effect on modulus. Strength will not be effected in the same 
way. Due to differences in thermal expansion coefficients and Poisson ratios, there will be 
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compressive forces acting on the filler which will tend to give some frictional bonding in practice, 
even when there is no adhesion between the filler and matrix. 
6.43 Tensile Stress at glass surface as a function of the radial angle to applied stress 
These were calculated for a filler volume fraction of 5%, the sphere radius was 9.5 µm, 
and, where used, the interlayer was 1.5 µm thick. The results are shown in figure 5.8 (facing page - 
79-) 
The angle 0 referred to is that between the y axis and a line drawn from the origin to the 
surface of the sphere, i. e. it is directly equivalent to the angle of latitude on a globe with 0=0* 
indicating the North pole. 
The plot with no interlayer shows that the maximum tensile stress is found directly above 
the pole of the sphere, and the minimum occurs at the centre. This is in agreement with the results 
in reference 71. The plot for a "void" indicates that stress distribution is reversed when the glass 
sphere is replaced with a hole. This condition could also be taken as that of a very weak or failed 
interlayer. Now the greatest stress is found at the "equator" of the void, and at this volume fraction 
(5%) the stress immediately above the void drops to almost zero. These results are in qualitative 
agreement with those in reference 98 where a rubber particle of modulus 0.4 MPa was used. These 
authors also found that increasing the rubber modulus by 2 orders of magnitude to 40 MPa resulted 
in a very small increase in overall modulus. Guild and Young found that decreasing the Poisson 
ratio from 0.499 to 0.4 also resulted in a small decline in composite modulus according to the 
LUSAS model. Broutman and Agarwall"I also reported that varying the Poisson ratios of the 
fibre, interface and matrix had little effect on their model's predictions. Again it can be seen that 
the present model gives results comparable to other predictive models even though the Poisson ratio 
is fixed at 0.5 
There is very little difference in results obtained with an interlayer of 300 or 100 MPa. 
Increasing the modulus of the interlayer up to an optimum value (around 2100 MPa in this case for 
5% Volume fraction filler at the quoted values for Ef and E) results in a progressively more even 
stress distribution about the interface. As the value increases further towards the matrix modulus, 
the stress again concentrates about the pole of the sphere. Reducing the modulus of the interlayer 
from that of Nylon (i. e. no interlayer) to 1000 MPa (i. e. around the level expected for UHMWPE) 
reduces the composite modulus by only about 3% (see figure 5.6 facing page -78-). 
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6.4.6 Shear stress at the Interface as a function of Angle 
This is displayed in figure 5.5 facing page -77- in the case of no interlayer, and figure 5.8 
facing page -79- where various interlayers between the filler and matrix are modelled. The plots 
for no interlayer show peak stress concentrations at around 45°. The results from reference 71 for 
this show a similar peak, but their curve is completely symmetrical, probably due to having a finer 
mesh. The plot for a void shows a very different situation, with a high maximum shear stress 
coinciding with the high tensile stress at 90° to the pole of the sphere. The 2100 MPa interlayer 
once again provides a much more even stress distribution. The "graded interlayer" seems to give 
the optimum condition for the shear stress distribution. 
6.4.7 Von MISES Stress at the interface as a function of angle 
This is shown in Figure 5.9 facing page --79-. The von Mises stress, a,,, is defined as 
follows: 
a = ['/2(ax-a)2+1/2(a,, -aß)2+h/2(aß+aj)2 % 
Glassy polymers can be expected to yield when the von Mises stress and the hydrostatic 
stress reach a critical value, dependent on the particular polymers1""1'B). Although we 
would prefer to consider non glassy materials such as nylon, as yet our model does not take into 
account inelastic (plastic) deformation, so the von Mises criterion is the most appropriate. The 
Young's modulus of Nylon 66 and many epoxy resins at low strains are almost the same, so models 
developed for one should apply to the other at low strains. 
The graph for no interlayer indicates that the von Mises stress reaches a peak at 0= 
22-5" and remains high until 0 rises above 45°. Thus although the peak tensile stress is above 
the pole, we predict that the composite will actually fail due to yielding or cracks forming at the 
interface in the region of 0= 20-45°. 
The introduction of an interlayer of 2100 MPa, which is not much softer than the Nylon greatly 
reduces the stress concentration and also moves the point of probable interface failure to the 
45-68° region. 
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6.4.8 Some tentative inferences 
The toughness of a composite depends on several factors, including the strain energy 
absorbed prior to fracture, the energy absorbed by filler de-bonding and pull out, and the energy 
absorbed by creating new surfaces as the cracks propagate. Broutman and Agarwal's"4) model took 
into account strain energy absorbed before failure, and suggested that the optimum interlayer 
modulus for a glass Nylon matrix would be 10000 psi (150 MPa approx. ). Our model indicates that 
while this may maximize the strain energy absorbed before failure occurs, the composite would have 
much higher stress concentrations due to the differences in the moduli of the glass and interlayer. 
The best condition from the view point of stress concentration is to have a gentle modulus gradient 
between the filler and matrix. This is not likely to be achieved in practice. 
In the case of glass and Nylon, or glass and Epoxy resin, the present model indicates that 
an interface of around 5% the diameter of the sphere, and about 1000-2000 MPa modulus should 
give a much more uniform stress distribution and so contribute to toughness whilst having very little 
adverse affect on off-axis properties. The computer model can readily be used to predict the 
optimum interlayer properties for other filler/matrix combinations. It should be borne in mind that 
none of the models so far, including the present model, take into account inelastic behavior of the 
matrix, which is particularly important in the case of thermoplastics. They also do not take into 
account crack stopping mechanisms which are very influential in practice. Determining the location 
of the peak Von Mises stress does give an indication of where a yield zone in the case of ductile 
materials, or a region of crazing in the case of brittle thermoplastics, is likely to occur. But the 
models do not attempt to predict what type of crack stopping mechanism, if any, will occur nor how 
effective (how much energy would be absorbed) they are likely to be. A very tough or ductile 
interlayer would clearly be preferable on these grounds to a brittle one. 
Figure 5.6 (facing page -78-) shows how the interlayer modulus effects the composite 
modulus at a volume loading of 5% glass. There is very little fall off in overall modulus as the 
interlayer modulus is reduced from that of nylon to about 1000 MPa. The composite modulus then 
declines more rapidly as the interlayer modulus decreases below 300 MPa. Moving in the other 
direction, the matrix modulus increases as the interlayer modulus approaches that of glass. The 
effect of increasing the interlayer modulus is more noticeable at low volume fractions of glass 
because in effect we are appreciably increasing the volume fraction of filler. Obviously setting the 
interlayer modulus to 78 GPa gives the same result as a glass sphere of 11 µm in diameter. 
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CHAPTER 7 
7.1 Bonding of UHMWPE to glass fibres 
Materials capable of forming class II thermoreversible gels, such as UHMWPE are also 
capable of forming films on substrates. 
The precise morphology and hence physical characteristics of these films is determined by 
their history in the gel formation stage. 
This work has demonstrated the practicality of tailoring an interphase material by blending 
compatible polymers in the gel precursor solution. However there are problems in obtaining a 
regular even coating of controlled thickness on fibres. 
The lap shear tests using glass microscope slides provide a rapid and useful means of 
performing tests on potential fibre bonding techniques. Any bonding agent which fails at less than 
17 MPa using this test can be confidently rejected. However the final evaluation of performance 
can only be carried out by producing composites. It is possible for a material such as Chlorinated 
paraffin wax to give very good adhesion but to so degrade the polymer in the interlayer or matrix 
that the overall performance in a composite is unsatisfactory. Three point bending tests described 
here may act as a better screening test for the ductility of interlayer materials. 
From inspection of the raw material properties we would expect unmodified UHMWPE 
to give good performance as a tough interlayer. 
A combination of chemical and physical bonding are required for optimum performance 
in bonding polyolefins to glass using the commercial organo silanes described here. The physical 
bonding mechanism was found to be more important. 
UHMWPE can be solution blended with various co-polymers of ethylene to enhance 
adhesion to polar materials such as Nylon or silane treated glass. Co-polymers with acrylic acid was 
found to give good all round adhesion to both silanes and polyamides. 
72 Ductile Interlayers 
The experimental studies carried out here have provided evidence in support of the "ductile 
interlayer" approach to improving composite toughness. But the solution or gel coating technique, 
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at its present stage of development is quite unsatisfactory as a method of, producing a continuous 
uniform coating of controllable and repeatable thickness. It will be necessary to overcome these 
problems before any further useful work can be carried out with this material. Naturally it would 
be interesting to compare the performance of UHMWPE and other polyolefins. It would also be, 
of interest to vary the thickness of the interlayer. But these comparisons can only be made after 
the basic problem of producing thin. interlayers of controllable thickness has been overcome. 
The improvements in impact strength reported here were not as good as had been originally 
hoped.. This may be due to having too thick an interlayer, or due to the bonding techniques 
degrading the performance of UHMWPE. Nevertheless, it is clear, particularly from the phenolic 
results that a ductile interlayer can improve impact performance with only a small decline in tensile 
properties. The question remains as to whether other materials of similar modulus but which are 
less tough in their natural state (for example HDPE) would have yielded similar improvements. 
It could also be worthwhile carrying out characterization of blends of UHMWPE and the co-ter 
polymers with DCP to see how much the mechanical performance of the base UHMWPE had 
declined. 
Although it is possible to obtain marked improvement in impact performance using ductile 
interlayers, there was a fall off in flexural or yield strength even when the modulus had not been 
severely reduced. 
73 The FEM model , ... . 
t. 
The FEM model developed here allows stress distributions to be studied in particulate filled 
composites, by assuming an elastic and incompressible behavior for the component materials. There 
is good agreement in results, particularly at low volume fractions, between both experimental results 
and other models, including models which do not make the incompressibility assumption. The 
present FEM model has revealed that a thin "graded interlayer" between the filler and matrix, where 
the difference in moduli is reduced in steps, would give a very large reduction in stress 
concentrations. The model also predicts that thin ductile layers of low modulus can be inserted 
between the filler and matrix without severely altering the load bearing properties of the composite. 
The main purpose of selecting the FEM technique centered on the Euler-Lagrange 
equation was that it has the potential to treat considerably more complex models than Hookean 
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elasticity. This would be useful where large strains and non-linear and/or time dependent behaviour 
are involved. Some suggestions for further work in this area as follows: 
The program as it now exists needs only very slight alterations to model uniform 
temperature loadings. The program could be adapted with some effort to model time dependent 
temperature loadings. It would be a more involved but feasible operation to adapt the program to 
take into account and/or strain rate dependent plastic deformation. 
The most useful modification to make on the program would be to adapt the constitutive 
equations to allow both compressible and incompressible materials to be modelled at the same time. 
According to Hughes("') this is quite achievable from the mathematical point of view. 
The FEM could usefully be employed to investigate the effect of fibre-fibre interactions 
and the stress distributions around voids in the proximity of fillers. It would be on interest to model 
the effect of various fibre diameters. 
A most important project would be to carry out a series of experimental studies to 
specifically establish the limits and strengths on the FEM model used here. This should take the 
form of using well proven filler/matrix combinations. Although the current model works well at 
low filler volume fractions, it would be more useful be able to work with filler loadings up to 
around 60%. Modification of the results using a statistical technique to account for the effects of 
random filler distribution would seem be the most promising route to take. It is also necessary to 
produce composites with a ductile or rubbery interlayer that can be reproducibly coated to a 
controlled thickness, in order to test the model. This would allow the FEM model to be validated 
for predicting the performance of interlayers. The experimental work here concentrated on 
UHMWPE interlayers, on the grounds that this would give the toughest final product. As there are 
very few thermoplastics that are likely to be ductile under the tri-axial stresses likely to be 
encountered by an interlayer, I would recommend a series of experiments based on elastomeric 
interlayers selected for its ease of application to the filler rather than one selected to give optimum 
's''S°ý. mechanical properties. e. g. the electrostatic coating technique( 
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APPENDIX 1: PROGRAM LISTING 
C =PROGRAM elastd4. fortran= Last Update 6th Jan 1990: NAKinsella 
C d4: Closes files. Writes scalar and vector files for PLOTMK, 
C giving load, displacement and V. Mises stress. 
C d3: Inserted Array Zero Setting, to NO EFFECT, Deleted ELNRHS 
C d2: Corrected fault in PUTFOR wrt R1 and VBC 
C di: Converted to double precision. This gave big improvement!! 
C N. B. UNDER NULTICS YOU NEED TO TYPE "exponent control -restart underflow" 
C BEFORE RUNNING THIS PROGRAM WITH DOUBLE PRECISION VARIABLES!!! 
C 
C An example of simple finite element code for linear elasticity 
C using linear and quadratic isoparamatric elements in conjunction 
C with reduced / selective integration 
C PROGRAM DEVELOPED BY S. NAKAZAWA, UNIVERSITY COLLEGE SWANSEA. OCT. AND NOV., 1981: 
C POLISHED ON MAY AND JUNE 1983 
C MODIFIED FOR COMPOSITES BY H. A. KINSELLA, IPTNE, UNIVERSITY OF TECHNOLOGY, LOUGHBOROUGH. 1989 
Ct, t 
C WORK FILES 
C 
C UNIT CONTENTS 
C -----------+--------------------------------------------------------- 
C5I MAIN CARD READER or DATA FILE 
CI 
C6I Output to SCREEN 
CI 
C 10 I STORING SHAPE FUNCTIONS AND THEIR DERIVATIVES AT 
CI 'FULL' INTEGRATION POINTS 
CI 
C 11 I SHAPE FUNCTION AND THEIR DERIVATIVES AT 'REDUCED' 
CI INTEGRATION POINTS 
CI 
C 12 I NODAL TEMPERATURE LOAD INPUT FILE ( FORMATTED 
CI 
C 13 I Output File; STRESS OUTPUT AT NODAL POINTS 
CI 
C 14 I USED FOR A WORK FILE OF THE FRONTAL SOLUTION PROCESS 
CI 
C 15 I STORING CURRENT ELEMENT STIFFNESS MATRIX FOR REACTION 
CI FORCE CALCULATION 
C -----------+--------------------------------------------------------- 
C MAXBC MAXIMUM NUMBER OF NODAL CONSTRAINTS AND 
C LOADING DATA (IN TERMS OF EQUIVALENT NODAL FORCES) 
C MAXDF MAXIMUM NUMBER OF D. O. F'S (2*MAXNP) 
C NAXEL MAXIMUM NUMBER OF ELEMENTS 
C MAXFR MAXIMUM FRONT MATRIX SIZE 
C MAXNP MAXIMUM NUMBER OF NODAL POINTS 
C MAXST MAXIMUM SIZE OF ELEMENT STIFFNESS EQUATIONS 
C ----------------- ------------------------------------------------- 
C. ALPHA SHEAR INTEGRATION REDUCTION FACTOR 
C BETA BULK INTEGRATION REDUCTION FACTOR 
C NBC TOTAL NUMBER OF BOUNDARY-NODE CONSTRAINTS 
C AND NODAL FORCE INPUT 
C NEL TOTAL NUMBER OF ELEMENTS 
C NNP TOTAL NUMBER OF NODAL POINTS 
C 
C BC (NAXDF) Values for the nodal D. O. F. constraint 
C CG ( 3) Weighting factor of integration point 
C CLUNP(NAXNP) Global lumped mass matrix 
C DIS (NAXDF) Nodal displacement array 
C IBC (MAXBC) Array for constrained nodes 
Appendix 1 
C JBC (MAXBC) Array for constrained D. O. F. at nodes 
C JMOD (MAXFR) Index array for pivoting in FRONT 
C LHED (MAXFR) Heading vector array for pivoting 
C LPIV (NAXFR) Index array for pivoting in FRONT 
C MDF (MAXDF) Number of D. O. F'S per NODE 
C NCOD (NAXDF) Flag for the nodal D. O. F. Constraint 
C NDN (MAXEL) Element D. O. F. array 
C NK (MAXST) Element D. O. F. index used in FRONT 
C NOPP (MAXDF) Index array for nodal D. O. F'S used in FRONT 
CP( 9) SHAPE FUNCTIONS 
C PVKOL(MAXFR) Array for absolute pivot 
C QQ (NAXFR) Working array for R. H. S. in frontal solution 
C RHS (NAXDF) Global R. H. S. array 
C RR (MAXST) Element load vector 
C TBEF (MAXNP) Temperature at previous step (From input file) 
C TDIS (NAXDF) Total displacement array 
C TEMP (MAXNP) Nodal temperature (From input file) 
C VBC (MAXBC) Amount of constraint 
C XG ( 3) Local coordinates of integration point 
C 
C AA (NAXST, NAXST) Element stiffness coefficient matrix 
CB(2,9) Cartesian derivatives of shape functions 
C CORD (HAXNP, 2) Nodal coordinates 
C DEL ( 2,9) Local derivatives of SHAPE Functions 
C ELHCN(KAXEL, HAXST) Element connectivity 
C EQ (NAXFR, NAXFR) Working array for frontal solution 
C PMAT (MAXEL, 6) ELEMENT MATERIAL PROPERTIES ; Visc, Bulk, Expn: 
C NCORD(HAXNP, 2) Nodal Coordinates after Deformation 
C STRES(NNP , 12) STRESS TENSOR AT EACH NODE 
C STRES(x, 3) =Hydrostatic pressure; (x, 4)=Sigma X 
C STRES(x, 5) =Sigma Y; (x, 6)=Tau XY 
C STRES(x, il) =Von Mises FOR SPHERE (Plain stress) 
C STRES(x, 12) =Von Mises FOR FIBRE IN MATRIX (Plain Strain) 
C ---------------------- 
C ITEMP WHEN TRUE: UNIFORM TEMPERATURE LOADING 
Ct, tt, t 
C Define Variable Types 
C 
IMPLICIT DOUBLE PRECISION(A-E, P-Z) 
CHARACTER TITLE*80 
LOGICAL ITEMP 
REAL NCORD 
Ctt, t 
C Array subscripts ultimate limits set using parameter function 
C 
PARAHETER(MAXEL=200, XAXNP=500, HAXDF=HAXNP*2, MAXBC= 90) 
PARAXETER(MAXST= 18, MAXFR= 90) 
c 
DIMENSION NCORD(NAXNP, 2), NCOD (MAXDF) , BC (MAXDF) DIMENSION ELNCN(NAXEL, NA XST), PNAT (MAXEL, 6), CORD (MAXNP, 2) 
DIMENSION NOPP (MAXDF) MDF (MAXDF) , NDN (MAXEL) DIMENSION TEMP (MAXNP) , TBEF (MAXNP) , CLUNP(NAXNP) DIMENSION IBC (MAXBC) , JBC (MAXBC) , VBC (MAXBC) DIMENSION DIS (MAXDF) , RHS (MAXDF) TDIS (MAXDF) DIMENSION EQ (MAXFR, MAXFR), LHED (MAXFR) , LPIV (MAXFR) DIMENSION AA (NAXST, NAXST), RR (MAXST) , LDEST(NAXST) DIMENSION XG ( 3) , CG ( 3) , PVKOL(NAXFR) DIMENSION P( 9) DEL ( 2, 9), B ( 2,9) 
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C 
C SET EVERYTHING THAT MATTERS TO ZERO 
C, t, t, tr 
CALL INITAR 
1 (MAXEL, MAXST, MAXNP, MAXFR, MAXBC, NDN , PMAT , ELMCN, TBEF , TDIS , 
2 CORD , NCORD, LDEST, RR , AA LHED , LPIV PVKOL, P DEL , 
3 IBC JBC VBC ) 
C 
C *** SET CONTROL PARAMETERS AND OPEN FILES NECESSARY FOR THE ** 
C *** FINITE ELEMENT STRESS ANALYSIS 
C 
CALL CONTRL 
1 (TITLE, NITER, NNP NEL NCN NBC , NMAT , NGAUS, MGAUS, 
2 ALPHA, BETA , GRAVX, GRAVY, MAXNP, MAXEL, MAXBC, NTRIX, NTOV ) 
C 
C *** INPUT REST OF"DATA FROM USER FILE 
C 
CALL DATAR 
1 (NNP , NEL NCN NBC , NMAT , MAXNP, MAXEL, MAXST, MAXBC, PMAT 1 2 CORD , ELMCN, IBC JBC , VBC , TEMP , ITENP) 
Ct 
C *** LOOP OVER THE NUMBER OF SOLUTIONS FOR DIFFERENT STIFFNESS 
C *** EQUATIONS. THERE IS NO MULTIPLE R. H. S. FACILITY. 
C 
DO 9999 ITER =1 NITER 
REWIND 10 
REWIND 11 
CALL FIXINT 
1 (NNP NEL NBC , IBC , JBC VBC NCOD IBC RHS , ELHCN, 2 NOPP MDF , NDN , NAXBC, MAXDF, NAXEL, NAXST, NCN , NTOV , NTRIX) C 
C *** LINEAR ELASTIC FINITE ELEMENT CALCULATION WITH THERMAL LOADING *** 
C *** INCLUDING NEARLY INCOMPRESSIBLE MATERIAL TREATED BY VIRTUE OF 
C *** SELECTIVELY REDUCED INTEGRATION 
C 
CALL LINFEM 
1 (AA , RR NEL , ELMCN, KAXEL, KAXST, LDEST, NAXFR, EQ LHED , 2 LPIV PVKOL, DIS RHS , NCOD , BC , NOPP , NDF , NDN , NAXDF, 3 NNP , NCN , NTOV ALPHA, BETA , NTRIX, P ,B DEL PMAT , 4 ITER , TEMP , TBEF CORD , MAXNP, NGAUS, MGAUS, XG , CG , GRAVX, 5 GRAVY, ITSW ) 
C 
C *+* REPORT GENERATOR FOR THE PRESENT FINITE ELEMENT CALCULATION *** 
C *** INCLUDING: - 
C *** NEW NODAL POSITION VECTOR TO FEED POST-PROCESSOR *** 
C NODAL DISPLACEMENT VECTOR, NODAL REACTION FORCE VECTOR** 
C *** L AND ENERGY ESTIMATES OF SOLUTION 
C2 
C *** AND STRESSES AT EACH NODAL POINT 
C 
CALL REPORT 
1 (ITER , NNP , DIS TDIS , RHS IAA RR , CLUNP, ELHCN, NAXDF, 2 NAXNP, NAXEL, NAXST, NTOV , EQ , NAXFR, P , DEL B , TEMP , 3 NGAUS, MGAUS, ITSW , TBEF CORD NCN , NEL , PRAT , NTRIX, NCORD, 4 TITLE) 
C ******* End of the iteration loop for time history calculation ****** 
9999 CONTINUE 
c ******* 
CALL REACNM(NNP , RHS DIS ELMCN, NTOV NTRIX, NEL , MAXDF, MAXEL, 
1 MAXST, AA , RR NCN , NGAUS, MGAUS, ALPHA, BETA , PMAT , NMAT ) C 
CLOSE(UNIT= 5) 
CLOSE(UNIT=13) 
CLOSE(UNIT=16) 
CLOSE(UNIT=17) 
CLOSE(UNIT=18) 
CLOSE(UNIT=19) 
CLOSE(UNIT=20) 
STOP 
END 
C =__= End of Main Progral Subroutines listed below 
Ct, tt 
C INITIALISE ARRAYS BY SETTING THEM TO ZERO 
C, tt, tt 
SUBROUTINE INITAR 
1 (MAXEL, MAXST, MAXNP, MAXFR, MAXBC, NDN , PMAT ELMCN, TBEF , TDIS , 2 CORD , NCORD, LDEST, RR , AA LHED , LPIV PVKOL, P DEL 
3 IBC JBC , VBC ) 
C *** 
C *** 
IMPLICIT DOUBLE PRECISION(A-E, P-Z) 
DIMENSION NCORD(MAXNP, 2), IBC (NAXBC), JBC (MAXBC) 
DIMENSION ELNCN(MAXEL, NAXST), LDEST(NAXST), PVKOL(NAXFR) 
DIMENSION CORD (MAXNP, 2), TBEF (MAXNP), TDIS (MAXDF) 
DIMENSION AA (MAXST, MAXST), RR (NAXST), VBC (MAXBC) 
DIMENSION DEL ( 2,9), LHED (MAXFR), LPIV (MAXFR) 
DIMENSION P( 9) 
C 
DO 9110 I= 1, KAXEL 
NDN(I) =0 
DO 9111 J=1,3 
PMAT(I, J)= 0. 
9111 CONTINUE 
DO 9112 J=1, MAXST 
ELNCN(I, J) =0 
9112 CONTINUE 
9110 CONTINUE 
DO 9210 I= 1, NAXNP 
K=NAXNP+I 
TBEF (I) = 0.0 
TDIS (K) = 0.0 
TDIS (I) = 0.0 
DO 9211 J=1,2 
CORD (I, J) = 0.0 
NCORD (I, J) = 0.0 
9211 CONTINUE 
9210 CONTINUE 
DO 9310 I=1, NAXST 
LDEST(I) =0 
RR (I) = 0.0 
DO 9310 J=1, MAXST 
AA (I, J) = 0.0 
9310 CONTINUE 
DO 9410 I=1, NAXFR 
LHED (I) =0 
LPIV (I) =0 
PVKOL(I) = 0.0 
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9410 CONTINUE 
DO 9510 I=1,9 
P (I) = 0. 
DEL (1,1) = 0. 
DEL (2,1) = 0. 
9510 CONTINUE 
DO 9610 I=1, MAXBC 
IBC (I) =0 
JBC (I) =0 
VBC (I) = 0.0 
9610 CONTINUE 
RETURN 
END 
SUBROUTINE CONTRL 
1 (TITLE, NITER, NNP , NEL NCN NBC , NNAT , NGAUS, MGAUS, 2 ALPBA, BETA , GRAVX, GRAVY, MAXNP, MAXEL, MAXBC, NTRIX, NTOV ) 
C 
C NGAUS number of points for Gaussian quadrature (full) 
C NGAUS number of points for Gaussian quadrature (reduced) 
C 
IMPLICIT DOUBLE PRECISION(A-E, S-Z) 
CHARACTER TITLE*80 
LOGICAL OLDFIL 
CHARACTER FILNAN*10, SYFIL*10, SXFIL*10, 
C *** File opening 
3301 WRITE( * 13300) 
3300 FORXAT(21(/), ' *** DATA FILE NAME PLEASE 
READ (* , 3310) INFIL 
3310 FORMAT(A20) 
INFIL*20 , OUTFL*20 
(20 characters MAX )***l) 
IF (INFIL. EQ. " ") GOTO 8000 
INQUIRE(FILE=INFIL, EXIST=OLDFIL) 
IF(. NOT. (OLDFIL)) GOTO 3301 
3319 WRITE( * , 3320) 3320 FORXAT(' ** OUTPUT FILE NABE PLEASE (20 characters MAX }***1) 
READ (* 13310) OUTFL 
C *** Check to ensure an old file is not over written 
INQUIRE(FILE=OUTFL, EXIST=OLDFIL) 
IF (OLDFIL) THEN 
WRITE(*, 3321) 
3321 FORMAT(" *** The filename you chose already exists! ***") 
GOTO 3319 
ENDIF 
OPEN( 5, FILE=INFIL , FORM='FORMATTED' , ACCESS='SEQUENTIAL') OPEN(13, FILE=OUTFL , FORM='FORMATTED' , ACCESS='SEQUENTIAL') OPEN(10, FORM='UNFORMATTED', ACCESS='SEQUENTIAL', STATUS='SCRATCH') 
OPEN(11, FORM='UNFORMATTED', ACCESS='SEQUENTIAL', STATUS='SCRATCH') 
OPEN(14, FORM='UNFORMATTED', ACCESS='DIRECT', STATUS='SCRATCH', 
1 RECL=2048) 
OPEN(15, FORM='UNFORMATTED', ACCESS='DIRECT', STATUS='SCRATCH', 
1 RECL=4096) 
Cttt 
C SET CONTROL PARAMETERS (Default values are overwritten by input data 
C as specified) 
Ctt 
NCN =9 
NGAUS =3 
MGAUS =2 
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READ (5, *) TITLE 
WRITE(6,2000) TITLE 
C 
C *** ELEMENT DESCRIPTION DATA 
C 
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READ (5, *) NITER 
WRITE(6,2005) NITER 
READ (5, *) NCNR, NGAUSR, NGAUSR, ALPHAR, BETAR 
IF(NCNR . NE. 0 ) NCN = NCNR 
IF(NCN . NE. 4 ) GO TO 4780 
NGAUS =2 
HGAUS =1 
4780 
IF(NGAUSR. NE. O 
IF(NGAUSR. NE. O 
IF(NGAUSR. NE. O 
IF(MGAUSR. NE. O 
WRITE(*, 2010) NCN , NGAUS 
CONTINUE 
NGAUS = NGAUSR 
MGAUS = MGAUSR 
ALPHA = ALPHAR 
BETA = BETAR 
, MGAUS ALPHA BETA 
C 
C *** MESH, BOUNDARY CONDITION AND MATERIAL PARAMETERS 
C 
C *** 
READ (5, *) NNP NEL NBC , NHAT IF(NNP . EQ. 0 OR. NNP . GT. MkXNP) GO TO 8000 
IF(NEL . EQ. 0 OR. NEL . GT. MkXEL) GO TO 8000 IF(NBC . EQ. 0 OR. NBC . GT. MAXBC) GO TO 8000 
IF(NMAT . EQ. 0 OR. NNAT . GT. MAXEL) GO TO 8000 
WRITE(6,2020) NNP NEL NBC NMAT 
READ (5, *) GRAVX GRAVY 
C 
2005 FORMAT(' *** NO. OF SOLUTIONS =', I5, ' ***'/, 
1' *** TEMPERATURE LOADING =', I5, ' ***'/, 
2' *** INPUT FILE DATA =', I5, ' ***'//) 
1010 FORNAT(3I5,2F10.0) 
1020 FORMAT(5I5) 
2000 FORMAT('1', 5(/), '0', 10X, 60(' '), /' 
1' ', 10X, '', ' A FINITE ELEMENT EXERCISE FOR LINEAR ELASTICITY or' 
28X, '', /' ', 10X, '', ' INCOMPRESSIBLE STOKES IAN FLOW USING THE ', 
3'REDUCED', 9X, '*', /' ', 10X, '*', ' INTEGRATION / PENALTY FUNCTION 
4'NETHOD. ', 18X, '*', /' ', 10X, '+', 58X, ' ', /' ', 10X, 60(' ')///, ' ', 
5' ', 80('-'), /' ', A80, /' ', 80(1-')1///) 
2010 FORMAT(' ', 20X, 3('! '), ' ELEMENT PRESCRIPTION ', 10('. '), / 
1 15X, 'NO. OF NODES PER ELEMENT =11I10, / 
2 15X, 'NO. OF INTEGRATION POINTS (**FULL***) =1, I10, / 
3 15X, 'NO. OF INTEGRATION POINTS (*REDUCED*) =1, I10, / 
4 15X, 'SHEAR TERMS INTEGRATION FACTOR =', F15.4, / 
5 15X, 'BULK TERMS INTEGRATION FACTOR =', F15.4, /) 
2020 FORNAT(20X, 3('! '), ' MESH DATA PRESCRIPTION ' , 10('. '), / 1 15X, 'NO. OF NODAL POINTS =11I101/ 
2 15X, 'NO. OF ELEMENTS =11I10, / 
3 15X, 'NO. OF NODAL CONSTRAINS ON BOUNDARY =11I10, / 
4 15X, 'NO. OF DIFFERENT MATERIALS =', I10, //) 
VI- 
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C 
C *** SET PROBLEM SIZE PARAMETERS + ++ ý 
C 
NTRIX = 2*NCN 
NTOV = 2*NNP 
RETURN 
C *** PRINT ERROR MESSAGE AND STOP 
8000 CONTINUE 
WRITE(*, 2995) 
2995 FORMAT(10('! '), ' INPUT DATA UNACCEPTABLE ', 10('! ')///) 
WRITE (*, *)'IN CONTRL SUBROUTINE. ie Fault at start of file' 
STOP 
END 
C 
SUBROUTINE DATAR 
1 (NNP , NEL NCN NBC , NMAT , MAXNP, MAXEL, MAXST, MAXBC, PMAT , 
2 CORD , ELMCN, IBC JBC VBC , TEMP , ITEMP) 
C 
IMPLICIT DOUBLE PRECISION(A-E, P-Z) 
LOGICAL ITEMP 
C ITEMP=TRUE : UNIFORM TEMPERATURE LOADING 
DIMENSION PMAT (MAXEL, 6), ELNCN(MAXEL, MAXST) 
DIMENSION CORD (MAXNP, 2), TEMP (MAXNP) 
DIMENSION IBC (MAXBC) , JBC (MAXBC) VBC (MAXBC) 
Ct 
C READ PROBLEM DATA FROM INPUT FILE AND PREPARE ARRAYS FOR 
C FRONTAL SOLUTION PROCESS 
Cttt 
CALL GETMAT(NEL, NMAT, PMAT, 5, MAXEL) 
CALL GETNOD(NNP, CORD, 5, MAXNP) 
CALL GETELM(NEL, NCN, ELMCN, 5, MAXEL) 
CALL GETBCD(NBC, IBC, JBC, VBC, 5, MAXBC) 
C 
READ (5, *) ITEMP, TEMPO 
IF(ITEMP) THEN 
WRITE(*, 2000) TEMPO 
2000 FORMAT(//' *** UNIFORM TEMPERATURE LOADING APPLIED ***'/, 
1' TEMPO= ', G15.5///) 
C 
DO 5000 INP=1, NNP 
TEMP (INP)= TEMPO 
5000 CONTINUE 
ENDIF 
C 
RETURN 
END 
C 
SUBROUTINE FIXINT 
1 (NNP , NEL , NBC , IBC JBC VBC NCOD IBC RHS ELMCN, 
2 NOPP , NDF , NDN , NAXBC, NAXDF, NAXEL, NAXST, NCN , NTOV, NTRIX) 
C *** 
IMPLICIT DOUBLE PRECISION(? -E, P-Z) 
C 
DIMENSION IBC (MAXBC) JBC (MAXBC), VBC (MAXBC) 
DIMENSION NCOD (MAXDF) BC (MAXDF), RRS (MAXDF) 
DIMENSION ELNCN(NAXEL, NAXST), NOPP (MAXDF), MDF (NAXDF), NDN(NAXEL) 
C *** 
CALL PUTBCD(NNP, NBC, IBC, JBC, VBC, NCOD, BC, NAXBC, NAXDF) 
-vn- 
CALL PUTFOR(NNP, NBC, IBC, JBC, VBC, RHS , NAXBC, MAXDF) 
CALL SETPRK(NNP, NEL, NCN, ELHCN, NOPP, NDF, NDN, MAXEL, NAXDF, MAXST, 
NTOV, NTRIX) 
C *** 
RETURN 
END 
SUBROUTINE LINFEM 
(AA RR NEL , ELMCN, NAXEL, NAXST, LDEST, NAXFR, EQ , LHED , LPIV , PVKOL, DIS , RRS , NCOD IBC , NOPP , NDF , NDN , NAXDF, 
NNP , NCN NTOV , ALPHA, BETA NTRIX, P ,B DEL , PRAT , 
ITER , TEMP , TBEF CORD , MkXNP, NGAUS, NGAUS, XG , CG , GRAVX, 
GRAVY, ITSW ) 
NGAUS no of points for Gaussian quadrature (full integration) 
NGAUS number of points for Gaussian quadrature (reduced) 
IMPLICIT DOUBLE PRECISION(A-H, P-Z) 
REAL GRAVX, GRAVY 
C 
DIMENSION AA (MAXST, KAXST), RR (MAXST) , PVKOL(MAXFR) DIMENSION ELMCN(MAXEL, MAXST), LDEST(MAXST) NDN (MAXEL) 
DIMENSION EQ (MAXFR, MAXFR), LHED (MAXFR) LPIV (MAXFR) 
DIMENSION DIS (MAXDF) RBS (MAXDF) , NCOD (MAXDF) 
DIMENSION BC (MAXDF) , NOPP (MAXDF) , MDF (MAXDF) DIMENSION B(2,9), DEL ( 2,9), P ( 9) 
DIMENSION CORD (MAXNP, 2), PMAT (MAXEL, 6), TEMP (MAXNP) 
DIMENSION TBEF (MAXNP) , XG ( 3) , CG ( 3) 
DO 5355 ITOV =1 MAXDF 
DIS (ITOV)= 0.0 
5355 CONTINUE 
BASIC LOOP FOR SETTING UP GLOBAL ELEMENT EQUATIONS 
GAMMA = 1.0 - ALPHA 
DELTA = 1.0 - BETA 
DO 5000 IEL=1, NEL 
GMOD = PNAT(IEL, 1) 
BULK = PNAT(IEL, 2) 
EXPN = PNAT(IEL, 3) 
YNOD = PNAT(IEL, 5) 
DO 5600 IDF = 1, NTRIX 
RR(IDF) = 0.0 
DO 5600 JDF = 1, NTRIX 
AA(IDF, JDF) = 0.0 
5600 CONTINUE 
C 
C *** 'FULL' INTEGRATION tt 
C 
CALL ELHEQN 
(ELHCN, CORD DIS , XG CG ,PB , DEL AA IRR NNP 'NEL 'NCN ')LkXNPIMAXELýNAXDF, NAXST, GNOD 'BULK 'NGAUS, IEL 'ITER 'TEMP 'TBEF 'EXPN 'YMOD 'GRAVX, GRAVY, ALPHA, BETA 110) 
4100 CONTINUE 
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C 
C *** 'REDUCED' INTEGRATION ++ 
C 
CALL ELMEQN 
1 (ELMCN, CORD , DIS , XG CG ,PB DEL , AA IRR , 
2 NNP NEL , NCN , MAXNP, MAXEL, MAXDF, NAXST, GMOD BULK , KLAUS, 
3 IEL , ITER , TEMP , TBEF , EXPN , YNOD , GRAVX, GRAVY, GAMMA, DELTA, 11) 
WRITE(15, REC=IEL) AA IRR 
CALL FRONT 
1 (AA IRR , IEL , ELMCN, NAXEL, MAXST, LDEST, MAXFR, EQ , LHED , 
2 LPIV PVKOL, DIS IRKS , NCOD IBC , NOPP NDF , NDN , NAXDF, 
3 NEL , NNP NCN NTOV NPRA ) 
C 
5000 CONTINUE 
C 
C, ttt, tt 
C 
RETURN 
END 
C 
SUBROUTINE REPORT 
1 (ITER NNP DIS , TDIS RHS , AA RR , CLUMP, ELMCN, XAXDF, 2 MAXNP, MAXEL, NAXST, NTOV EQ MAXFR, P DEL ,B , TEMP , 
3 NGAUS, NGAUS, ITSW , TBEF CORD NCN NEL , PNAT , NTRIX, NCORD, 
4 TITLE) 
C 
IMPLICIT DOUBLE PRECISION(A-E, P-Z) 
CHARACTER TITLE*80 
REAL NCORD 
C 
DIMENSION ELMCN(NAXEL, HAXST), AA (KAXST, NAXST), RR (NAXST) 
DIMENSION DIS (MAXDF) TDIS (MAXDF) , RBS (MAXDF) 
DIMENSION CLUMP(HAXNP) , EQ (NAXFR, NAXFR) 
DIMENSION CORD (MAXNP, 2), NCORD( NNP, 2) 
DIMENSION B(2,9), DEL ( 2,9), P ( 9) 
DIMENSION PMAT (NAXEL, 6), TEMP (NAXNP) , TBEF (MAXNP) 
C, ttt 
CALL LUHPM 
1 (CLUMP, NNP , NAXNP, NEL NGAUS, P DEL ,B , XAXST, ELMCN, 
2 NAXEL, NCN ) 
CALL REACT 
1 (NNP NEL DIS RHS , AA , RR , CLUHP, ELNCN, NAXEL, NAXNP, 
2 NAXDF, MAXST, NTOV NCN NTRIX) 
C 
WRITE( * 12810) ITER 
2810 FORMAT('*** NODAL DISPLACEMENTS ie DIS; TDIS; RBS ***', / 
1' ITER STEP =', 15/) 
C *** 
DO 5195 INP =1 , NTOV 
TDIS (INP)= TDIS (INP) + DIS (INP) 
5195 CONTINUE 
DO 5720 INP =1 NNP ,2 IF (INP. GE. 11) GO TO 5720 
JNP = IMP + NNP 
MN? =INP+1 
IMP = KNP + NNP 
WRITE(6,5725) INP , DIS (INP), DIS (JNP), KNP, DIS(KNP) DIS( LNP) 
WRITE(6,5725) INP , TDIS(INP), TDIS(JNP), KNP, TDIS(KNP), TDIS(LNP) 
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WRITE(6,5725) INP RHS (INP), RHS (JNP), KNP, RHS(KNP) , RHS( LNP) 
5725 FORNAT(I5,2G15.5,1OX, I5,2G15.5) 
5720 CONTINUE 
C 
C *** ELEMENT STRESS CALCULATION 'S 
C 
REWIND 10 
REWIND 11 
CALL STRESS 
1 (NEL NNP , NCN , NGAUS, NGAUS, ELNCN, PNAT 'CORD ,P ,Bº 
2 DEL DIS , NAXNP, NAXEL, NAXST, TEHP , TBEF , EQ CLUMP, ITSW 
) 
C 
C *** CREATE FILES FOR POST-PROCESSING 
C 
CALL PUNCH 
1 (NNP NEL NCN , ITER CORD , MAXNP, ELMCN, KAXEL, MAXST, 
2 NCORD, EQ , DIS , TITLE) 
C *** 
RETURN 
END 
C 
C Jul 89 Output format now suitable for PLOTNK post-processor ft* 
C Jun 89 This now prints NCORD and ignores TEMP 
C 
SUBROUTINE PUNCH 
1 (NNP NEL ºNCN , ITER CORD , KAXNP, ELMCN, MAXEL, NAXST, 
2 NCORD, STRES, DISP , TITLE) 
C *** 
IMPLICIT DOUBLE PRECISION(A-E, S-Z) 
CHARACTER TITLE*80 
REAL NCORD 
C 
DIMENSION CORD (NAXNP, 2), ELNCN(NAXEL, MAXST), NCORD( NNP, 2) 
DIMENSION DISP ( NNP, 2), STRES( NNP, 12) 
C 
C ********* CALCULATE NEW CO-ORDINATES OF MATERIAL UNDER LOAD 
C 
DO 4001 INP =1 NNP 
NCORD( IMP, 1) = CORD ( IMP, 1) + DISP ( IMP, 1) 
NCORD( IMP, 2) = CORD ( IMP, 2) + DISP ( INP, 2) 
4001 CONTINUE 
C 
C ***** Write NCORD data to suit PLOT 
C 
WRITE(13,2000) NEL NNP NCH , ITER 
2000 FORMAT(3I5,5X, I5) 
C *** Lines 2 to NNP+1 i. e. New position of nodes 
DO 4250 INP=1, NNP 
WRITE(13,2005) INP, (N0ORD(INP, K), K=1,2) 
2005 FORMAT(I5,2E10.3) 
4250 CONTINUE 
C Lines NNP+2 to NNP+2+NEL i. e. Connectivity data 
DO 5010 IEL=1 NEL 
DO 5009 K=1 NCN 
ELNCN(IEL, K)=IABS(ELNCN(IEL, K)) 
5009 CONTINUE 
WRITE(13,2020) IEL, (ELNCN(IEL, K), K=1, NCN) 
2020 FORNAT(10I5) 
5010 CONTINUE 
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C 
C *** Now continue with TITLE and Vector field data to feed PLOTKK 
C Note that PLOT will cope with up to 200 vectors 
WRITE(13, *) TITLE 
IF (NNP. GT. 200) THEN 
NSTEP=2 
KNP = NNP/2 
ELSE 
NSTEP=1 
KNP = NNP 
ENDIF 
WRITE (13,2010) KNP 
DO 5000 INP =1 , NNP, NSTEP 
WRITE(13,2010) INP, (DISP(INP, K), K=1,2) 
2010 FORNAT(I5,2E13.4) 
5000 CONTINUE 
C 
C stress data *** 
C 
WRITE(13,2029) 
2029 FORMAT(" *** Nodal Stress Output ***", // 
1" Pressure", 12X, "Sigma X{S11}", 3X, "Sigma Y(S22)", 3X, "Tau XY(S12)" 
2 3X, " U11", 12X, "U12", 13X, "U21", 13X, "U22") 
DO 5020 INP =1 NNP 
WRITE(13,2030) (STRES(INP, K), K=3,10) 
2030 FORNAT(8G16.5) 
5020 CONTINUE 
C *** 
C Write STRESS DATA to scalar type files to suit PLOTHK 
C 
OPEN (16, FILE="sigma. x" , FORM='FORMATTED' , ACCESS='SEQUENTIAL') 
OPEN (17, FILE="sigma. y" , FORM='FORMATTED' , ACCESS='SEQUENTIAL') 
OPEN (18, FILE="tau. xy" , FORM='FORMATTED' , ACCESS='SEQUENTIAL') 
OPEN (19, FILE="vmstresl", FORM='FORMATTED' , ACCESS='SEQUENTIAL') 
OPEN (20, FILE="vmstres2", FORM='FORXATTED' , ACCESS='SEQUENTIAL') 
INT = NilP- MOD(NNP, 5) 
DO 5040 INP= 1, INT, 5 
WRITE(20,2040) (STRES(JNP, 12), JNP=INP, INP+4) 
WRITE(16,2040) (STRES(JNP, 4), JNP=INP, IHP+4) 
WRITE(17,2040) (STRES(JNP, 5), JNP=INP, INP+4) 
WRITE(18,2040) (STRES(JNP, 6), JNP=INP, INP+4) 
WRITE(19,2040) (STRES(JNP, 11), JNP=INP, INP+4) 
2040 FORMAT(5E13.4) 
5040 CONTINUE 
IF (HOD(NNP, 5). NE. 0) THEN 
WRITE(2012040) (STRES(JNP, 12), JNP=NNP-INT, NNP) 
WRITE(16,2040) (STRES(JNP, 4), JNP=NNP-IHT, NNP) 
WRITE(17,2040) (STRES(JNP, 5), JNP=NNP-INT, NNP) 
WRITE(18,2040) (STRES(JNP, 6), JNP=NNP-INT, NNP) 
WRITE(19,2040) (STRES(JNP, 11), JNP=HNP-INT, NNP) 
ENDIF 
C 
RETURN 
END 
C 
C 
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SUBROUTINE ELNEQN 
1 (ELNCN, CORD , DIS XG , CG ,P ,B , DEL , AA IRR , 
2 NNP NEL NCN , NAXNP, NAXEL, NAXDF, NAXST, GNOD BULK , NGAUS, 
3 IEL , ITER , TEMP , TBEF , EXPN , YNOD , GRAVX, GRAVY, ALPHA, BETA , IDEV) 
C *** 
IMPLICIT DOUBLE PRECISION(A-H, O-Z) 
REAL GRAVX, GRAVY 
C *** 
DIMENSION ELMCN(HAXEL, HAXST), CORD (NAXNP, 2), DIS (MAXDF) 
DIMENSION AA (NAXST, NAXST), RR (MAXST) TEMP (MAXNP) 
DIMENSION B(2,9), DEL ( 2,9), P ( 9) 
DIMENSION XG ( 3) , CG ( 3) TBEF (MAXNP) 
C 
C in this code the D. O. F. is arranged such a way that the element 
C matrix is constructed as follows: 
C 
CU FX 
CKK11 
C XX XY NN.... NCN ENTRIES 
C ------ ----- --- = --- 
CV FY 
CKK11 
C YX YY NN.... NCN ENTRIES 
C 
C The global equation is assembled in a similar fashion. 
C See array ELNCN(NAXEL, NAXST) and addressing procedure of the 
C element stiffness matrix AA(MAXST, MAXST) 
C 
CALL GAUSSP(NGAUS, XG, CG) 
DO 5100 IG=I, NGAUS 
G= XG(IG) 
DO 5100 JG=1, NGAUS 
H= XG(JG) 
C Note that G corresponds to E and H to q on the isoparametric element 
IF(ITER. EQ. 1) CALL BASIS 
1 (G ,H , NEL , NCN , IEL , IG , JG ,P ,B DEL , 2 DA , CG , ELHCN, CORD , XAXEL, NAXNP, NAXST, IDEV ) 
C 
IF(ITER. GT. 1) READ (IDEV) IEL, KG, LG, P, DEL, B, DA 
C 
C *** QUANTITIES EVALUATED AT THE INTEGRATION POINT 
C 
TCURR = 0.0 
TINCR = 0.0 
U=0.0 
V=0.0 
C Note that U and V correspond to displacements in the X and Y directions 
UX = 0.0 
UY = 0.0 
C UX and UY are the partial differentials of X displacement wrt X and Y 
VX = 0.0 
VY = 0.0 
C VX and VY are the partial differentials of Y displacement wrt X and Y 
DO 5370 ICN =1 INCH 
IPN = IABS(ELMCN(IEL, ICN)) 
JPN = IPN + NNP 
TCURR = TCURR + P(ICN)* TENP(IPN) 
TINCR = TINCR + P(ICN)*(TENP(IPN)-TBEF(IPN)) 
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C 
U =U + P(ICN)*DIS(IPN) 
V =V + P(ICN)*DIS(JPN) 
UX = UX + B(1, ICN)*DIS(IPH) 
UY = UY + B(2, ICN)*DIS(JPN) 
VX = VX + B(1, ICN)*DIS(IPN) 
VY = VY + B(2, ICN)*DIS(JPN) 
C 
5370 CONTINUE 
C 
CALL ELNRHS 
1 (RR , ILAXST, P B 
NCN GI{OD BULK j 
C 
, DA EXPN , GRAVX, GRAVY, ALPHA, TINCR, 
CALL ELNHAT 
1 (AA KAXST, P B IDA , ALPHA, BETA GMOD BULK , NCN ) 
C *** 
5100 CONTINUE 
RETURN 
END 
C 
SUBROUTINE ELNMAT 
1 (AA MAXST, P B IDA ALPHA, BETA GNOD BULK INCH ) 
C *** 
IMPLICIT DOUBLE PRECISION(A-H, P-Z) 
DIMENSION AA (NAXST, NAXST) 
DIMENSION B(2,9) P( 9) 
C *** 
DO 5000 ICH =1 NCN 
J11 = ICH 
J12 = ICN + NCN 
DO 5000 JCN =1 , NCN 
J21 = JCN 
J22 = JCN + NCN 
SW = DA 
IF(ICN. EQ. 9. OR. JCN. EQ. O) SW = 0.0 
C 
C *** STIFFNESS MATRIX FOR NUMERICAL INTEGRATION 
C 
AA(J11, J21)=AA(J11, J21) 
1+ ALPHA*GMOD *(2.0*B(1, ICN)*B(1, JCN)+B(2, ICN)*B(2, JCN))*SW 
2+ BETA *BULK * B(1, ICN)*B(1, JCN) *DA 
AA(J11, J22)=AA(J11, J22) 
1+ ALPHA*GMOD * B(2, ICN)*B(1, JCN) SSW 
2+ BETA *BULK * B(1, ICN)*B(2, JCN) ADA 
AA(J12, J21)=AA(J12, J21) 
1+ ALPHA*GMOD * B(1, ICN)*B(2, JCN) SSW 
2+ BETA *BULK * B(2, ICN)*B(1, JCN) ADA 
AA(J12, J22)=AA(J12, J22) 
1+ ALPHA*GNOD *(2.0*B(2, ICN)*B(2, JCN)+B(1, ICN)*B(1, JCN))*SW 
2+ BETA BULK * B(2, ICN)*B(2, JCN) *DA 
C 
5000 CONTINUE 
RETURN 
END 
C 
SUBROUTINE ELKRHS 
1 (RR MAXST, P ,B IDA , EXPN , GRAVX, GRAVY, ALPHA, TINCR, 2 NCN YMOD BULK ) 
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C *** 
IMPLICIT DOUBLE PRECISION (A-E, P-Z) 
DIMENSION RR (MAXST), B( 2,9), P ( 9) 
C *** 
TLOAD= EXPN * TINCR * YNOD 
C *** 
DO 5000 ICN = 1, NCN 
JCN = ICN + NCH 
RR (ICN)= RR(ICN) 
1+ ALPHA * P(ICN )*GRAVX*DA 
2+ ALPHA * B(1, ICN)*TLOAD*DA 
RR (JCN)= RR(JCN) 
1+ ALPHA * P(ICN )*GRAVY*DA 
2+ ALPHA * B(2, ICN)*TLOAD*DA 
5000 CONTINUE 
RETURN 
END 
C 
SUBROUTINE LUNPM 
1 (CLUXP, NNP MAXNP, NEL NGAUS, P DEL B , MAXST, ELMCN, 2 NAXEL, NCN ) 
C *** 
IMPLICIT DOUBLE PRECISION(A-E, P-Z) 
C 
DIMENSION B(2,9), DEL ( 2,9), P ( 9) 
DIMENSION CLUNP(NAXNP) , ELNCN(NAXEL, NAXST) 
C *** 
DO 5000 INP =1 , NNP 
CLUMP (IMP)= 0.0 
5000 CONTINUE 
REWIND 10 
C 
DO 5010 IEL =1 NEL 
DO 5020 IG =1 NGAUS 
DO 5020 JG =1 NGAUS 
READ (10) JEL KG , LG ,P DEL ,B IDA 
DO 5030 ICH =1 , NCN 
WW = 0.0 
DO 5040 JCN =1 , NCN 
WW = WW + P(ICN)*P(JCN)*DA 
5040 CONTINUE 
INP = IABS(ELKCN(IEL, ICN)) 
CLUNP(INP) = CLUMP(INP) + WW 
5030 CONTINUE 
5020 CONTINUE 
5010 CONTINUE 
RETURN 
END 
C 
C Modified to print any warnings to output file 
C See "The FINITE ELEMENT METHOD", T. J. R. HUGHES pg 266 Appendix 4.1 
C for description of SOBOLOV norms including L2 -norms 
C In LUT library: Reference (124) in thesis 
C *** 
SUBROUTINE REACT 
1 (NNP NEL , DIS , RHS IAA IRR , CLUNP, ELNCN, NAXEL, NAXNP, 
2 NAXDF, NAXST, NTOV INCH , NTRIX) 
C *** 
IMPLICIT DOUBLE PRECISION (A-E, R-Z) 
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DIMENSION ELNCN(NAXEL, HAXST) AA (NAXST, NAXST) IRR (NAXST) 
DIMENSION DIS (MAXDF) RHS (MAXDF) , CLUMP(MAW) 
C 
C *+* FIRST L -NORM OF THE SOLUTION IS CALCULATED. NOTE HERE THE LUMPED 
C2 
C *** NASS MATRIX IS USED. 
C 
WW = 0.0 
DO 5000 IMP =1 , NNP 
JNP =INP+NNP 
RHS (INP)= 0.0 
RHS (JNP)= 0.0 
WW = WW + (DIS(INP)**2 + DIS(JNP)**2)*CLUNP(INP) 
5000 CONTINUE 
C 
C *** NOW THE REACTION FORCE AND THE ENERGY SEMI-NORM IS CALCULATED 
C 
DO 5010 IEL =1 , NEL READ (15, REC = IEL ) AA , RR 
DO 5020 IDF =1 , NTRIX 
JDF =IABS(ELNCN(IEL, IDF)) 
RR(IDF)= -RR(IDF) 
DO 5030 KDF =1 NTRIX 
LDF = IABS(ELHCN(IEL, KDF)) 
RR(IDF) = RR(IDF) + AA(IDF, KDF)*DIS(LDF) 
5030 CONTINUE 
RHS (JDF)=RHS(JDF) + RR(IDF) 
5020 CONTINUE 
5010 CONTINUE 
C 
WW1 = 0.0 
DO 5040 ITOV =1 NTOV 
WW1 = WW1 + DIS(ITOV)*RHS(ITOV) 
5040 CONTINUE 
CttA CHECK * 
IF(WW1 GE. 0.0) GO TO 5050 
WRITE( 6,2050) 
WRITE(13,2050) 
2050 FORMAT(' *** WARNING ENERGY NEGATIVE *** '//) 
5050 IF(WW GE. 0.0) GO TO 5060 
WRITE( 6,2060) 
WRITE(13j2060) 
2060 FORMAT(' *** WARNING L-2 NORK NEGATIVE *** '//) 
5060 CONTINUE 
WW = DSQRT(DABS (WW)) 
WW1= DSQRT(DABS(WW1)) 
Ctt k REPORT 
WRITE( 6,2070) WW , WW1 
2070 FORMAT(///' *** SUMMARY OF THE CURRENT SOLUTION ***'/, 
1 1OX, 'L-2 NORM OF DISPLACEMENT =', G15.5/, 
2 10X, 'ENERGY SEHINORM =', G15.5//) 
C 
RETURN 
END 
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C 
C *** Values taken from: HINTON, E. and OWEN D. R. J., "Finite Element 
C *** Programming", ACADEMIC PRESS, LONDON 1977 page 65 
C *** In LUT library Ref 624.171: Book 13 in thesis bibliography 
C, tt, tt 
SUBROUTINE GAUSSP(NGAUS, XG, CG) 
C 
C GIVES GAUSSIAN POINTS COORDINATES 
C 
IMPLICIT DOUBLE PRECISION(A-E, S-Z) 
DIMENSION XG(3), CG(3) 
C 
C CG Weighting factors 
C XG Sampling (or Gaussian) points 
C 
IF(NGAUS. NE. 1) GO TO 10 
XG(1)=0.0 
CG(1)=2.0 
GO TO 300 
10 CONTINUE 
IF(NGAUS. NE. 2) GO TO 100 
XG(1) = 0.577350269189626D0 
XG(2) = -XG(1) 
CG(1) = 1.00 
CG(2) = 1.00 
GO TO 300 
100 CONTINUE 
XG(1) = 0.774596669241483D0 
XG(2) = 0.0 
XG(3) _ -XG(1) 
CG(1) = 0.555555555555556D0 
CG(2) = 0.888888888888889D0 
CG(3) = CG(1) 
300 RETURN 
END 
C 
SUBROUTINE SHAPE (G, H, P, DEL, NCN) 
C 
C SHAPE FUNCTIONS SUBROUTINE 
C 
IMPLICIT DOUBLE PRECISION(A-H, P) 
DIMENSION P(9), DEL(2,9) 
C 
C P(9) refers to shape functions, DEL(2,9) to Local Derivatives 
C*** 
C SHAPE FUNCTIONS AND CURVILINEAR DERIVATIVES 
C*** 
C 1. LINEAR - FOUR NODAL QUADRILATERAL 
C*** 
GH = GBH 
IF(NCN. NE. 04) GO TO 9 
P(1) = (1. -G-H+GH)/4. 
P(2) = (1. +G-H-GH)/4. 
P(3) _ (1. +G+H+GH)/4. 
P(4) = (1. -G+H-GH)/4. 
DEL(1,1) = -(1. -H)/4. 
DEL(1,2) = (1. -H)/4. 
DEL(1,3) = (1. +H)/4. 
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DEL(1,4) _ -(1. +H)/4. 
DEL(2,1) = -(1. -G)/4. 
DEL(2,2) = -(1. +G)/4. 
DEL(2,3) _ (1. +G)/4. 
DEL(2,4) _ (1. -G)/4. 
GO TO 30 
C*** 
C 2. PARABOLIC - EIGHT NODAL QUADRILATERAL 
C*** 
IF(NCN. NE. 8) GO TO 10 
GG = GAG 
HH = HRH 
GGH = GG*H 
GHH = G*HH 
G2 = G*2. 
H2 = H*2. 
GH2 = GH*2. 
P( 1) _ (-1. +GH+GG+HH-GGH-GHH)/4. 
P( 2) =(1. -H-GG+GGH)/2. 
P( 3) = (-1. -GH+GG+HH-GGH+GHH)/4. 
P( 4) =(1. +G-HH-GHH)/2. 
P( 5) _ (-1. +GH+GG+HH+GGH+GHH)/4. 
P( 6) =(1. +H-GG-GGH)/2. 
P( 7) = (-1. -GH+GG+HH+GGH-GHH)/4. 
P( 8) =(1. -G-HH+GHH)/2. 
DEL(1,1)=( H+G2-GH2-HH)/4. 
DEL(1,2)= -G+GH 
DEL(1,3)=(-H+G2-GH2+HH)/4. 
DEL(1,4)=( 1. -HH)/2. 
DEL(1,5)=( H+G2+GH2+HH)/4. 
DEL(1,6)= -G-GH 
DEL(1,7)=(-H+G2+GH2-HH)/4. 
DEL(1,8)=(-1. +HH)/2. 
DEL(2,1)=( G+H2-GG-GH2)/4. 
DEL(2,2)=(-1. +GG)/2. 
DEL(2,3)=(-G+H2-GG+GH2)/4. 
DEL(2,4)= -H-GH 
DEL(2,5)=( G+H2+GG+GH2)/4. 
DEL(2,6)=( 1. -GG)/2. 
DEL(2,7)=(-G+H2+GG-GH2)/4. 
DEL(2,8)= -H+GH 
GO TO 30 
C *** 
C 3. LAGRANGIAN -9 NODAL QUADRILATERAL 
C *** 
10 G1= . 5*G*(G-1. ) 
C i. e. _ (t(E-1))/2 
G2=1. -GAG 
C i. e. = 1-E2 
G3= . 5*G*(G+1. ) 
C i. e. _ (t(t+1))/2 
H1= . 5*H*(H-1. ) 
H2=1. -HRH 
H3= . 5*H*(H+1. ) P(1)= G1*H1 
P(2)= G2*H1 
P(3)= G3*H1 
P(4)= G3*H2 
P(5)= G3*H3 
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P(6)= G2*H3 
P(7)= G1*H3 
P(8)= G1*H2 
P(9)= G2*H2 
DG1= G -0.5 
DG2=-2. *G 
DG3= G +0.5 
DH1= H -0.5 
DH2=-2. *H 
DH3= H +0.5 
DEL(1,1)=DG1*H1 
DEL(1,2)=DG2*H1 
DEL(1,3)=DG3*H1 
DEL(1,4)=DG3*H2 
DEL(1,5)=DG3*H3 
DEL(1,6)=DG2*H3 
DEL(1,7)=DG1*H3 
DEL(1,8)=DG1*H2 
DEL(1,9)=DG2*H2 
DEL(2,1)=G1 *DH1 
DEL(2,2)=G2 *DH1 
DEL(2,3)=G3 *DH1 
DEL(2,4)=G3 *DH2 
DEL(2,5)=G3 *DH3 
DEL(2,6)=G2 *DH3 
DEL(2,7)=G1 *DH3 
DEL(218)=G1 *DH2 
DEL(2,9)=G2 *DH2 
30 CONTINUE 
RETURN 
END 
C ****: =**tt**t***************t****************************t*********** 
SUBROUTINE DERIV 
(IEL , IG JG DEL ,B NCN DA CG ELMCN, CORD , 
MAXEL, NAXNP, HAXST) 
C 
C 
IMPLICIT DOUBLE PRECISION(A-H, P) 
DIMENSION P(9), B(2,9), DEL(2,9), CG(3), CJ(2,2), CJI(2,2) 
DIMENSION ELMCN(HAXEL, NAXST), CORD(500 , 2) 
DO 22 J=1,2 
DO 22 L=1,2 
GASH=O. 
DO 21 K=1, NCN 
NN =IABS(ELRCN(IEL, K)) 
GASH =GASH+DEL(J, K)*CORD(NN, L) 
21 CONTINUE 
22 CJ(J, L)=GASH 
DETJ=CJ(1,1)*CJ(2,2) - CJ(1,2)*CJ(2,1) 
IF(DETJ) 29,33,29 
33 WRITE(*, *) ' Jacobian Determinant, DETJ=O PROGRAM HALTED' 
STOP 
C 
C 
29 CJI(1,1) 
CJI(1,2) 
CJI(2,1) 
CJI(2,2) 
C 
= CJ(2,2) / DETJ 
=-CJ(1,2) / DETJ 
=-CJ(2,1) / DETJ 
= CJ(1,1) / DETJ 
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DO 40 J=1,2 
DO 40 L=1, NCN 
B(J, L) =0.0 
DO 40 K=1,2 
B(J, L) = B(J, L) + CJI(J, K) * DEL(K, L) 
40 CONTINUE 
DA= DETJ*CG(IG)*CG(JG) 
C i. e. dxdy (hence dA)=IJldtdl 
C 
RETURN 
END 
C 
C *** See IRONS B. M., "A Frontal Solution for Finite Element Analysis"** 
C *** Int. J. Num. Meth. in Eng. Vol. 2 No. 1 pp 5-32 1970 ** 
C *** In LUT library CLASS 620 ** 
Cott 
SUBROUTINE FRONT 
1 (AA IRR , IEL , ELMCN, MAXEL, MAXST, LDEST, MAXFR, EQ , LHED , 
2 LPIV PVKOL, DIS Rl , NCOD IBC , NOPP MDF NDN , MAXDF, 
3 NEL , NNP , NCN , NTOV , NPRA 
C 
C FRONTAL ELIMINATION ROUTINE USING DIAGONAL PIVOTING 
C 
C *** EQ(MAXFR, MAXFR) WORKING ARRAY 
C *** QQ(MAXFR) WORKING ARRAY FOR R. H. S. 
C *** LHED(MAXFR) HEADING VECTORS 
C NPRA Switch to indicate we want printout to screen of pivot 
C variabes, only used for checking program code 
C 
C 
C 
IMPLICIT DOUBLE PRECISION(A-E, P-Z) 
DIHENSION AA (HAXST, HAXST) 
DIMENSION ELHCN(HAXEL, HAXST) 
DIMENSION EQ (HAXFR, HAXFR) 
DIMENSION JHOD (MAXFR) 
DIMENSION DIS (HAXDF) 
DIMENSION BC (MAXDF) 
, RR (HAXST), LDEST(MAXST) 
, NDN (MAXEL), NK (MAXST) 
, LHED (MAXFR), LPIV (MAXFR) 
, QQ (NAXFR), PVKOL(NAXFR) 
, R1 (MAXDF), NCOD (MAXDF) 
, NOPP (NAXDF), NDF (MAXDF) 
SAVE LCOL NCRIT, NMAX NLARG, NELL , IREC QQ INK JROD C 
C Work file used by FRONT is IDV No. 14 
ND1 = 14 
C 
C PREFRONT 
C 
IF(IEL. EQ. 1) THEN 
NMAX = HAXFR 
NCRIT = NDN(1) 
NLARG = NHAX"10 
NELL =0 
NLAST =0 
IREC =0 
C 
C FIND UST APPEAREANCE OF EACH NODE 
C 
DO 12 I=1, NTOV 
DO 8N=1, NEL 
JDN= NDN(N) 
DO 4L=1, JDN 
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IF(ELMCN(N, L). NE. I)GO TO 4 
NLAST =N 
L1 =L 
4 CONTINUE 
8 CONTINUE 
IF(NLAST. EQ. O) GO TO 12 
C and mark last appearance as -ve 
ELMCN(NLAST, L1) = -ELMCN(NLAST, L1) 
NLAST =0 
12 CONTINUE 
LCOL =0 
DO 16 I=1, NMAX 
DO 16 J=1, NMAX 
EQ(J, I) = 0. 
16 CONTINUE 
ENDIF 
C End of Pre-front 
C 
C ASSEMBLY 
C 
18 NELL = NELL+1 
N= NELL 
JDN = NDN(NELL) 
KC =0 
DO 22 J=1, JDN 
NN = ELMCN(N, J) 
M= IABS(NN) 
K= NOPP(M) 
IDF = NDF(M) 
R1(M) = RR(J)+R1(M) 
DO 22 L=1, IDF 
KC = KC+1 
II = K+L-1 
IF(NN. LT. O)II = -II 
NK(KC)= II 
22 CONTINUE 
C 
C SET UP HEADING VECTORS 
C 
DO 36 LK = 1, KC 
NODE = NK(LK) 
IF(LCOL. EQ. O)GO TO 28 
DO 24 L=1, LCOL 
LL =L 
IF(IABBS(NODE). EQ. IABS(LHED(L)))GO TO 32 
24 CONTINUE 
28 LCOL = LCOL +1 
LDEST(LK) = LCOL 
LHED(LCOL) = NODE 
GO TO 36 
32 LDEST(LK) = LL 
LHED(LL) = NODE 
36 CONTINUE 
IF(LCOL. LE. NKAX)GO TO 54 
NERROR =2 
WRITE( * 1417)NERROR 
STOP 
54 CONTINUE 
DO 56 L=1, KC 
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LL = LDEST(L) 
DO 56 K=1, KC 
KK = LDEST(K) 
EQ(KK, LL) = EQ(KK, LL)+AA(K, L) 
56 CONTINUE 
IF(LCOL. LT. NCRIT. AND. HELL. LT. NEL) RETURN 
C 
C FIND OUT WHICH MATRIX ELEMENTS ARE FULLY ASSEMBLED 
C Elimination procedure commences with a search for the columns 
C whose heading vectors are marked with a -ve sign. These are 
C entered into array LPIV. This diagonal pivoting does not require 
Ca second array KPIV for rows, unlike the full pivoting used in 
C reference from IRONS above. 
C 
60 LC =0 
IR=0 
DO 64 L=1, LCOL 
KT = LHED(L) 
IF(KT. GE. O)GO TO 64 
LC = LC+l 
LPIV(LC) =L 
KRO = IABS(KT) 
IF(NCOD(KRO). NE. 1)GO TO 64 
C But if it is equal to 1 we know we have a boundary condition, 
IR = IR+1 
JMOD(IR )=L 
C so alter the Right Hand Side of the equation accordingly and set the 
C BC flag (NCOD) to 2 to ensure the equation is not modified again. 
NCOD(KRO) =2 
R1 (KRO) = BC(KRO) 
64 CONTINUE 
C MODIFY EQUATIONS WITH APPLIED BOUNDARY CONDITIONS 
C 
IF(IR. EQ. O)GO TO 71 
DO 70 IRR = 1, IR 
K= JNOD(IRR) 
KH = IABS(LHED(K)) 
DO 69 L=1, LCOL 
EQ(K, L) = 0. 
LH = IABS(LHED(L)) 
IF(LH. EQ. KH)EQ(K, L) = 1. 
69 CONTINUE 
70 CONTINUE 
71 CONTINUE 
IF(LC. GT. O)GO TO 72 
C If there are no rows and columns fully summed at this stage 
C an error message is printed to indicate the dimensions of EQ 
C are too small and that NNAX and NCRIT should be increased 
NCRIT = NCRIT + NCN 
WRITE( * , 484)NCRIT 
IF(NCRIT. LE. NLARG) RETURN 
NERROR =3 
WRITE( * 1418)NERROR 
STOP 
72 CONTINUE 
C 
C SEARCH FOR ABSOLUTE PIVOT. The largest entry in the summed rows 
C and columns is sought, and is found in the position KPIVRO, LPIVRO 
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PIVOT = 0. 
DO 76 L=1, LC 
LPIVC = LPIV(L) 
KPIVR = LPIVC 
PIVA = EQ(KPIVR, LPIVC) 
IF(DABS(PIVA). LT. DABS(PIVOT))GO TO 76 
PIVOT = PIVA 
LPIVCO= LPIVC 
KPIVRO= KPIVR 
76 CONTINUE 
IF(DABS(PIVOT). LT. 0.1D-13) RETURN 
C 
C NORMALISE PIVOTAL ROW i. e. divide by the PIVOT and enter it 
C into array QQ 
LCO = UIBS(LHED(LPIVCO)) 
KRO = LCO 
IF(NPRA. EQ. O)GO TO 78 
WRITE( * 1452)KRO, LCO, PIVOT 
78 CONTINUE 
IF(DABS(PIVOT). LT. 0.1D-13) WRITE( * , 476) 
DO 80 L=1, LCOL 
QQ(L) = EQ(KPIVRO, L)/PIVOT 
80 CONTINUE 
RHS = R1(KRO)/PIVOT 
R1(KRO) = RHS 
PVKOL(KPIVRO) = PIVOT 
C 
C ELIMINATE THEN DELETE PIVOTAL ROW AND COLUMN 
C 
IF(KPIVRO. EQ. 1)GO TO 104 
KPIVR = KPIVRO-1 
DO 100 K=1, KPIVR 
KRW = IABS(LHED(K)) 
FAC = EQ(K, LPIVCO) 
PVKOL(K) = FAC 
IF(LPIVCO. EQ. I. OR. DABS(FAC). LT. 0.1D-13)GO TO 88 
LPIVC = LPIVCO-1 
DO 84 L=1, LPIVC 
EQ(K, L) = EQ(K, L)-FAC*QQ(L) 
84 CONTINUE 
88 IF(LPIVCO. EQ. LCOL)GO TO 96 
LPIVC = LPIVCO+1 
DO 92 L= LPIVC, LCOL 
EQ(K, L-1) = EQ(K, L)-FAC*QQ(L) 
92 CONTINUE 
96 R1(KRW) = R1(KRW)-FAC*RHS 
100 CONTINUE 
104 IF(KPIVRO. EQ. LCOL)GO TO 128 
KPIVR = KPIVRO+1 
DO 124 K= KPIVR, LCOL 
KRW = IABS(LHED(K)) 
FAC = EQ(K, LPIVCO) 
PVKOL(K) = FAC 
IF(LPIVCO. EQ. 1)GO TO 112 
LPIVC = LPIVCO-1 
DO 108 L=1, LPIVC 
EQ(K-1, L) = EQ(K, L)-FAC*QQ(L) 
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108 CONTINUE 
112 IF(LPIVCO. EQ. LCOL)GO TO 120 
LPIVC = LPIVCO+1 
DO 116 = LPIVC, LCOL 
EQ(K-1, L-1) = EQ(K, L)-FAC*QQ(L) 
116 CONTINUE 
120 R1(KRW) = R1(KRW)-FAC*RHS 
124 CONTINUE 
128 CONTINUE 
C 
C 
C 
WRITE PIVOTAL EQUATION TO DISC 
IREC=IREC+1 
WRITE(ND1, REC=IREC) KRO, LCOL, LPIVCO, (LHED(L), QQ(L), L = 1, LCOL) 
3000 FORMAT(' DIRECT ACCESS FILE RE. NO', I5, ' WRITTEN') 
DO 130 L=1, LCOL 
EQ(L, LCOL) = 0. 
EQ(LCOL, L) = 0. 
130 CONTINUE 
C 
C REARRANGE READING VECTORS 
C 
LCOL = LCOL-1 
IF(LPIVCO. EQ. LCOL+1)GO TO 136 
DO 132 L= LPIVCO, LCOL 
LHED(L) = LHED(L+1) 
132 CONTINUE 
136 CONTINUE 
C 
C DETERMINE WHETHER TO ASSEMBLE, ELIMINATE, OR BACKSUBSTITUTE 
C Note 60 is the line label for checking which elements are 
C fully assembled 
C 
IF(LCOL. GT. NCRIT)GO TO 60 
IF(NELL. LT. NEL )RETURN 
IF(LCOL. GT. 1) GO TO 60 
C je Above line ensures we loop over every column until LCOL=1 
C when we proceed to write the last record to disc and to 
C back substitute 
LCO = IABS(LHED(l)) 
KPIVRO= 1 
PIVOT = EQ(1,1) 
KRO = LCO 
LPIVCO= 1 
QQ(l) = 1. 
IF(NPRA. EQ. O)GO TO 148 
WRITE(*, 452)LCO, KRO, PIVOT 
IF(DABS(PIVOT). LT. 1D-13)GO TO 152 
148 CONTINUE 
Rl(KRO) = Rl(KRO)/PIVOT 
IREC=IREC+1 
WRITE(ND1, REC=IREC) KRO, LCOL, LPIVCO, LHED(1), QQ(l) 
WRITE(*, 3000) IREC 
C 
C *** START BACK=SUBSTITUTION 
C 
CALL BACSUB 
1 (NTOV NCOD BC ; R1 DIS MAXFR, QQ LHED , ND1 'NNP ) 
C 
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C *** NAIN EXIT WITH SOLUTION +++++ 
C 
152 CONTINUE 
RETURN 
Ct, tt+t 
C 
417 FORMAT(/8H NERROR=, I5// 
1 62H THE DIFFERENCE NHAX-NCRIT IS NOT SUFFICIENTLY LARGE 
1/62H TO PERMIT THE ASSEMBLY OF THE NEXT ELEMENT--- 
1/62H EITHER INCREASE NNAX OR LOWER NCRIT 
1/) 
418 FORMAT(/8H NERROR=, I5// 
1 62H THERE ARE NO MORE ROWS FULLY SUNXED, THIS MAY BE DUE TO--- 
1/62H (1)INCORRECT CODING OF ELMCN OR NK ARRAYS 
1/62H (2)INCORRECT VALUE OF NCRIT. INCREASE NCRIT TO PERMIT 
1/62H WHOLE FRONT TO BE ASSEMBLED 
1/) 
452 FORMAT(13H PIVOTAL ROW=, I4,16H PIVOTAL COLUMN:, I4,7H PIVOT=, E20.10 
1) 
476 FORNAT(43H WARNING-MATRIX SINGULAR OR ILL CONDITIONED) 
484 FORNAT(27H FRONTWIDTH VALUE (NCRIT) =, I4) 
END 
C 
SUBROUTINE BACSUB 
1 (NTOTL, IFIX VFIX RHS DIS , MFRNT, RWORK, IWORK, IDV2 NNP ) 
C *** 
IMPLICIT DOUBLE PRECISION(A-E, P-Z) 
DIMENSION IFIX (NTOTL), VFIX (NTOTL), RHS (NTOTL), DIS (NTOTL) 
DIMENSION RWORK(NFRNT), IWORK(MFRNT) 
C 
C *** insert boundary conditions into DIS 
DO 1090 IPOS=1, NTOTL 
IF(IFIX(IPOS). NE. O) THEN 
DIS (IPOS)=VFIX(IPOS) 
ELSE DIS (IPOS)=O. O 
ENDIF 
1090 CONTINUE 
C *** Substitute, reading records in reverse order to that in which they 
C were made. 
WRITE(*, *) ' *** BACK SUBSTITUTION STARTED ***' 
DO 5000 KPOS=1, NTOTL 
IREC = NTOTL - KPOS +1 
READ(IDV2, REC=IREC)IPOS, IFRNT, JFRNT, (IWORK(K), RWORK(K), K=1, IFRNT) 
C *** 
IF(IFIX(IPOS). NE. O) THEN 
ww = 0.0 
RWORK(JFRNT) = 0.0 
C 
DO 5010 K=1, IFRNT 
JPOS=IABS(IWORK(K)) 
WW =WW - RWORK(K)*DIS (JPOS) 
5010 CONTINUE 
C 
DIS (IPOS)=RHS(IPOS)+WW 
5000 ENDIF 
RETURN 
END 
C ===t, t 
SUBROUTINE STRESS 
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1 (NEL NNP NCN , NGAUS, NGAUS, ELMCN, PMAT , CORD ,P ,B, 
2 DEL DIS , HAXNP, MAXEL, MAXST, TENP , TBEF , STRES, CLUNP, ITSW ) 
C FUNCTION: 
C Calculate stress components at integration points both 'full' and 
C 'reduced', and report on the monitor. 
C Values at 'reduced' integration points are stored in file (DEV. ID 
C 1) for further post-processing. 
C 
IMPLICIT DOUBLE PRECISION(A-E, P-Z) 
C 
DIMENSION DIS (NNP , 2), CORD (NAXNP, 2), CLUNP(NAXNP) 
DIMENSION ELNCN(NAXEL, NAXST), PNAT (MAXEL, 6) 
DIMENSION P( 9) , DEL ( 2,9), TENP (NNP ) 
DIMENSION B(2,9), STRES(NNP , 12), TBEF (NNP 
Cttttt 
DO 1090 INP =1 , NNP 
DO 1090 ICP =1,12 
STRES(INP, ICP) = 0.0 
1090 CONTINUE 
C 
WRITE(*, 2000) 
DO 5000 IEL =1 NEL 
WRITE(*, 2010) IEL 
YMOD = PMAT(IEL, 1) 
BULK = PMAT(IEL, 2) 
EXPN = PNAT(IEL, 3) 
C 
C *** FULL A************************************************************ 
C 
DO 5010 IG =1 NGAUS 
DO 5010 JG =1 NGAUS 
READ (10) JEL, KG, LG, P, DEL, B, DA 
TCURR = 0.0 
TINCR = 0.0 
U11 = 0.0 
U12 = 0.0 
U21 = 0.0 
U22 = 0.0 
DO 5020 ICN =1 NCN 
JCN = IABS(ELHCN(IEL, ICN)) 
U11 = U11 + B(1, ICN)*DIS(JCN, l) 
U12 = U12 + B(2, ICN)*DIS(JCN, 1) 
U21 = U21 + B(1, ICN)*DIS(JCN, 2) 
U22 = U22 + B(2, ICN)*DIS(JCN, 2) 
5020 CONTINUE 
C 
C *** CARTESIAN COMPONENTS OF THE STRESS TENSOR 
C 
PRES =-BULK * (Ull + U22 - 2.0*TINCR*EXPN ) 
SD11 = YMOD * (U11 - TINCR*EXPN) 
SD12 = YNOD * (U12 + U21) 
SD22 = YNOD * (U22 - TINCR*EXPN) 
C *** 
S11 =-PRES + SD11 
S12 = SD12 
S22 =-PRES + SD22 
C 
C *** PRINCIPAL VALUES AND ANGLE OF ROTATION 
C 
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D= DSQRT(O. 25*(Sll-S22)**2 + S12**2) 
S=0.5*(Sll + S22) 
C 
El = 2.0 * S12 
E2 = Sil - S22 
ANGL = 0.5*DATAN2( El , E2 ) 
5010 CONTINUE 
C 
C ****** REDUCED tt t 
C 
NG=0 
DO 6010 IG =1 , MGAUS 
DO 6010 JG =1 MGAUS 
NG=1+NG 
READ (11) JEL, KG, LG, P, DEL, B, DA 
TCURR = 0.0 
TINCR = 0.0 
Ull = 0.0 
U12 = 0.0 
U21 = 0.0 
U22 = 0.0 
DO 6020 ICN =1 NCN 
JCN = IABS(ELNCN(IEL, ICN)) 
Ull = Ull + B(1, ICN)*DIS(JCN, 1) 
U12 = U12 + B(2, ICN)*DIS(JCN, 1) 
U21 = U21 + B(1, ICN)*DIS(JCN, 2) 
U22 = U22 + B(2, ICN)*DIS(JCN, 2) 
6020 CONTINUE 
IF(ITSW EQ. 0) GO TO 6375 
6375 CONTINUE 
C 
C ****** CARTESIAN COMPONENTS OF THE STRESS TENSOR 
C 
PRES =-BULK * (Ull + U22 - 2.0*TINCR*EXPN) 
SD11 = YNOD * (Ull - TINCR*EXPN) 
SD12 = YNOD * (U12 + U21) 
SD22 = YNOD * (U22 - TINCR*EXPN) 
C 
S11 =-PRES + SD11 
S12 = SD12 
S22 =-PRES + SD22 
C 
C ****** PRINCIPAL VALUES AND ANGLE OF ROTATION 
C 
D= DSQRT(0.25*(S11-S22)**2 + S12**2) 
S=0.5*(S11 + S22) 
C ****** 
E1 = 2.0 * S12 
E2 = S11 - S22 
ANGL = 0.5*DATAN2( El , E2 ) 
C ****** 
DO 6500 ICN =1 NCN 
JCN = IABS(ELKCN(IEL, ICN)) 
STRES(JCN, 3)= STRES(JCN, 3) 
1+ P(ICN)*PRES ADA / CLUNP(JCN) 
STRES(JCN, 4)= STRES(JCN, 4) 
1+ P(ICN)*S11 ADA / CLUMP(JCN) 
STRES(JCN, 5)= STRES(JCN, 5) 
1+ P(ICN)*S22 ADA / CLUNP(JCN) 
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STRES(JCN, 6)= STRES(JCN, 6) 
1+ P(ICN)*S12 *DA / CLUNP(JCN) 
STRES(JCN, 7)= STRES(JCN, 7) 
1+ P(ICN)*Ul1 ADA / CLUNP(JCN) 
STRES(JCN, 8)= STRES(JCN, 8) 
1+ P(ICN)*U12 ADA / CLUNP(JCN) 
STRES(JCN, 9)= STRES(JCN, 9) 
1+ P(ICN)*U21 ADA / CLUNP(JCN) 
STRES(JCN, 10)= STRES(JCN, 10) 
1+ P(ICN)*U22 ADA / CLUMP(JCN) 
6500 CONTINUE 
6010 CONTINUE 
5000 CONTINUE 
C Calculate Von Mises for every nodal point 
DO 7000 INP =1 NNP 
C ** For sphere in matrix SIGMA Z=POISSON RATIO(0.5(SIGMA Z+SIGNA X)** 
C ** Take POISSON RATIO to be 0.5 
STRES(INP, 11)= SQRT(0.75*STRES(INP, 4)**2 
1- STRES(INP, 4)*STRES(INP, 5) 
2+0.75*STRES(INP, 5)**2 
3+ 3*STRES(INP, 6)**2) 
C *** For fibre in matrix, or plane strain, SIGMA Z=O A*A****** 
STRES(INP, 12)= SQRT(STRES(INP, 4)**2 -(STRES(INP, 4)*STRES(INP, 5)) 
1+ STRES(INP, 5)**2 + 3*(STRES(INP, 6)**2)) 
7000 CONTINUE 
C, t 
WRITE(612100) 
WRITE(612110) (INP, (STRES(INP, ICP), ICP=3,6), INP=1, NNP) 
C *** 
RETURN 
C *** 
2000 FORNAT('1', ///' ', 20(1x1), ' ELEMENT STRESSES ', 20('x'), // 
12X, 'ID. ', 1OX, 'XG, '10X, 'YG', 7X, 'SIG-X', 7X, 'SIG-Y', 6X, 'TAU-XY', BX, 
2'PRES', 7X, 'P. NAX'17X, 'P. HIN', 7X, 'ANGLE', /) 
2010 FORNAT(I5, '* FULL *I)- 
2020 FORHAT(I5, '* REDUCED *') 
2030 FORNAT(5X, 1P9E12.3) 
2100 FORNAT('1', ' ***NODAL STRESS OUTPUT***', / 
1/' NODE'º11X, 'PRES', 12X, 'S11', 12X, 'S22', 12X, 'S12') 
2110 FORHAT(' ', I5,4G15.5) 
3000 FORNAT(2I5,1P5E14.5) 
C ****** 
END 
C===tt 
SUBROUTINE GETNOD (NNP , CORD , IDV1 , NAXNP) 
C ARGUMENT 
C -------- 
C NNP TOTAL NUMBER OF NODAL POINTS IN THE MESH 
C CORD ARRAY FOR NODAL COORDINATES 
C IDV1 INPUT DEVICE ID. -CARD READER OR EQUIVALENT- 
C(*) OUTPUT DEVICE ID. -Default e. g. Monitor or LINE PRINTER- 
C MAXNP SEE BELOW 
C 
IMPLICIT DOUBLE PRECISION(A-E) 
DIMENSION CORD(NAXNP, 2) 
C 
Cttt, t, t 
C 
READ (IDV1, *) (IMP , (CORD(JNP, IDF), IDF=1,2) , JNP=I, NNP) 
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WRITE( * 12000) 
2000 FORMAT("NOW READING NODAL COORDINATES") 
C 
RETURN 
C 
END 
C 
SUBROUTINE GETELM (NEL NCN , ELNCN, IDV1 , NAXEL) 
C 
C ARGUMENT 
C ------- 
C NEL TOTAL NUMBER OF ELEMENTS IN THE MESH 
C NCN NUMBER OF NODES PER ELEMENT 
C ELMCN ARRAY FOR ELEMENT CONNECTIVITY DATA 
C IDV1 INPUT DEVICE ID. -CARD READER- 
C(*) OUTPUT DEVICE ID. - Default - 
C HAXEL SEE BELOW 
C 
DIMENSION ELMCN(MAXEL, NCN) 
C *** 
DO 5000 JEL =1 NEL 
5000 READ (IDV1,1000) IEL , (ELNCN(IEL, ICN), ICN=1, NCN) 
C 
RETURN 
t C 
1000 FORMAT(16I5) 
C 
END 
C 
SUBROUTINE GETBCD (NBC , IBC JBC , VBC , IDV1 , NAXBC) 
C 
C ARGUMENT 
C -------- 
C NBC NUMBER OF NODAL CONSTRAINT DATA 
C IBC ARRAY FOR CONSTRAINED NODAL POINTS 
C JBC ARRAY FOR CONSTRAINED DEGREE OF FREEDOM 
C VBC ARRAY FOR BOUNDARY VALUES 
C IDV1 INPUT DEVICE ID. -CARD READER- 
C(*) OUTPUT DEVICE ID. - Default - 
C MAXBC SEE BELOW 
C 
IMPLICIT DOUBLE PRECISION(S-Z) 
DIMENSION IBC (NAXBC) JBC (MAXBC) , VBC (MAXBC) 
C *** 
READ (IDV1,1000) (IBC(IND) , JBC(IND) , VBC(IND) , IND=1, NBC) WRITE (* 12010) (IBC(IND) , JBC(IND) , VBC(IND) , IND=1, NBC) 
C 
RETURN 
C 
C, t, ttt 
C 
1000 FORMAT(2I5, FlO. O) 
2000 FORMAT(//, ' ', 20('x'), ' NODAL CONSTRAINT ', 20('x'), // 
1' ', 2(7X, 'ID. ', 2X, 'DOF', 1OX, 'VALUE', 10X)/) 
2010 FORMAT(' ', 5X, 2I5, G15.5,15X, 2I5, G15.5) 
C 
END 
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C 
SUBROUTINE PUTBCD (NNP NBC, IBC JBC VBC NCOD, BC , MAXBC, MAXDF) 
C 
C ARGUMENTS USED 
C NCOD ARRAY FOR CONSTRAINT SWITCH DEFINED FOR EVERY D. O. F. 
C BC ARRAY FOR STORING CONSTRAINT VALUE 
C MAXBC SEE BELOW 
C MAXDF SEE BELOW 
C 
IMPLICIT DOUBLE PRECISION(A-E, S-Z) 
DIMENSION IBC (KAXBC) JBC (MAXBC) , VBC (MAXBC), NCOD (MAXDF) 
DIMENSION BC (MAXDF) 
C 
C 
C 
DO 1000 IDF =1 , NAXDF 
NCOD (IDF)= 0 
BC (IDF)= 0.0 
1000 CONTINUE 
DO 5000 IND =1 NBC 
IF(JBC(IND). GT. 2) GO TO 5000 
JND = IBC(IND)+(JBC(IND)-1)*NNP 
BC (JND) = VBC(IND) 
NCOD (JND) =1 
5000 CONTINUE 
C 
RETURN 
END 
Ct===, t 
SUBROUTINE PUTFOR (NNP NBC , IBC , JBC , VBC , 
RBS , MAXBC, MAXDF) 
C 
C ARGUMENTS USED: 
C RHS GLOBAL Right Hand Side VECTOR FOR LOADING 
C MAXBC SEE BELOW 
C MAXDF SEE BELOW 
C 
IMPLICIT DOUBLE PRECISION(P-Z) 
DIMENSION IBC (MAXBC) JBC (MAXBC) , VBC (NAXBC), RHS 
(MAXDF) 
C FUNCTION 
C -------- 
C DOF ENTRY IN JBC - 1- FOR X-NODAL FORCE 
C- 2- FOR Y-NODAL FORCE 
C IN VBC IS TO BE SUBSTITUTED TO THE VECTOR *RBS*, Right Hand Side 
C OF THE STIFFNESS EQUATION. 
Ctttt, tt 
C 
DO 5355 ITOV =1 MAXDF 
R1 (ITOV)= 0.0 
5355 CONTINUE 
DO 5000 IND =1 NBC 
IF(JBC(IND). LT. 1) GO TO 5000 
JND = IBC(IND)+(JBC(IND)-l)*NNP 
R1 (JRD) = VBC (IND) 
5000 CONTINUE 
C 
RETURN 
END 
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C 
SUBROUTINE SETPRK (NNP NEL , NCN ELMCN, NOPP HDF 
1 NDN , NAXEL, HAXDF, MAXST, NTOV, NTRIX) 
C ARGUMENTS 
C ELMCN ARRAY FOR ELEMENT CONNECTIVITY, NOW MODIFIED TO DOF'S 
C HOPP ARRAY FOR DOF INDEX 
C NDF ARRAY FOR DOF PER EACH ENTRY OF STIFFNESS EQUATION 
C NDN ARRAY FOR NUMBER OF DOF PER ELEMENT 
C MAXEL SEE BELOW 
C MAXDF MAXST Maximum Size of Stiffness equation 
C NCN Number of nodes per element (Usually 9) 
C NTRIX (= 2*NCN): NTOV (= 2*NNP) 
DIMENSION ELNCH(NAXEL, HAXST) 
DIMENSION NOPP (MAXDF) , MDF(MAXDF) , NDN (MAXEL) 
C 
C FUNCTION 
C -------- 
C PREPARATION OF TOPOLOGICAL DATA FOR NODAL DEGREE OF FREEDOMS 
C TO SOLVE THE (NONSYMMETRIC) STIFFNESS EQUATION BY THE FRONTAL 
C SOLUTION METHOD 
C 
DO 1050 IEL =1 , NEL 
DO 1050 IDF =1 NCN 
ELF[CN(IEL, IDF)=IABS(ELNCN(IEL, IDF)) 
1050 CONTINUE 
DO 5000 IEL =1 NEL 
NDN(IEL)= NTRIX 
DO 5000 ICH =1 NCN 
JCN =ICN+NCN 
KCN =ELMCN(IEL, ICN) 
LCN =KCN+NNP 
C 
ELHCN(IEL, JCN) = LCN 
C 
5000 CONTINUE 
C 
C 
C 
DO 5010 IDF =1 NTOV 
XDF(IDF)= 1 
NOPP(IDF)=IDF 
5010 CONTINUE 
C 
RETURN 
END 
C___ttt 
SUBROUTINE GETMAT (NEL., NNAT, PNAT, IDV1 MAXEL) 
C ARGUMENTS 
C NMAT NUMBER OF MATERIALS 
C PMAT ARRAY FOR ELASTIC CONSTANTS FOR EACH ELEMENT 
C IDV1 INPUT DEVICE ID. - USER DATA FILE - 
C(*) OUTPUT DEVICE ID. - Default (MONITOR)- 
C NAXEL SEE BELOW: POISR Poisson ratio 
C GNOD Shear Modulus: YMOD Young's modulus 
C 
IMPLICIT DOUBLE PRECISION (P) 
DIMENSION PMAT (MAXEL, 6) 
C 
-xxx- 
Ct 
C 
WRITE( * , 2000) 
C 
DO 5000 IHAT =1 NMAT 
READ (IDV1,1000) GHOD BULK EXPN , IFROM , ITO 
C Set Default Values for Data 
IF(IFROH. EQ. 0 ) IFROM =1 
IF(ITO EQ. O ) ITO = NEL 
IF(GNOD . LT. 0.1) GHOD = 1.0 
IF(BULK). LT. 1.0) BULK = 1.0E+07 
C Check Data is compatible with Constitutve Equations 
RATIO = BULK/GMOD 
POISR = ((1.5*RATIO)-1.0)/(1.0+3*RATIO) 
YHOD = GKOD * 2.0* (1.0+POISR) 
IF(RATIO. GT. 1. OE+08) THEN 
WRITE(*, *)DiAT, "WARNING: Ratio KG is too high! ", RATIO 
ENDIF 
IF(POISR. LT. 0.3) THEN 
WRITE(*, *)"FAULTY MATERIAL DATA!! " 
WRITE(*, *) "Material No: - ", IMAT, " Poisson Ratio", POISR 
CLOSE(UNIT= 5) 
CLOSE(UNIT=13) 
STOP 
ELSEIF(POISR. LT. 0.45)THEN 
WRITE(*, *)IMAT, "WARNING: POISR is low! Increase K", POISR 
ENDIF 
C 
DO 5010 IEL = IFROM , ITO 
PMAT(IEL, 1) = GMOD 
PMAT(IEL, 2) = BULK 
PMAT(IEL, 3) = EXPN 
PMAT(IEL, 4) = POISR 
PMAT(IEL, 5) = YMOD 
5010 CONTINUE 
C 
WRITE(IDV2,2010) IMAT , IFROM , ITO , YMOD BULK , EXPN, POISR 
5000 CONTINUE 
C 
RETURN 
C 
C 
C 
1000 FORNAT(3F10.0,2I5) 
2000 FORKAT(//' 1,20(1x1), ' MATERIAL PROPERTIES ', 20('x1), // 
1' ', 7X, 'ID. ', 5X, 'EID. (FROM-TO)', 7X, 'SHEAR-MODULUS', 3X, 
2'BULK-MODULUS', 3X, 'THERM. EXPAN. ', 3X, 'POISR'/) 
2010 FORMAT(' ', I10, I14, I4,4G15.5) 
C 
END 
C 
SUBROUTINE BASIS 
1 (G H NEL NCN , IEL IG JG PB DEL 
2 DA , CG , ELHCN, CORD , MAXEL, MAXNP, MAXST, IDEV ) 
C FUNCTION: 
C CALCULATE THE SHAPE FUNCTIONS AND THEIR DERIVATIVES AT THE 
C QUADRATURE POINTS. OPTIONS ARE : - 
C (1) FOUR NODED LAGRANGIAN 
C (2) EIGHT NODED SERENDIPITY 
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C (3) NINE NODED LAGRANGIAN 
C 
IMPLICIT DOUBLE PRECISION(A-H, P-Z) 
C 
C 
C 
DIMENSION ELHCN(NAXEL, NAXST), CORD (NAXNP, 2), P ( 9) 
DIMENSION B(2,9), DEL ( 2,9), CG ( 3) 
CALL SHAPE (G, H, P, DEL, NCN) 
CALL DERIV (IEL, IG, JG, DEL, B, NCN, DA, CG, ELHCN, CORD, MAXEL, HAXNP, 
1 MAXST) 
WRITE(IDEV) IEL , IG JG P DEL B DA 
C 
RETURN 
END 
C 
SUBROUTINE REACNN 
1 (NNP RHS DIS ELMCN, NTOV NTRIX, NEL , MAXDF, MAXEL, MAXST, 
2 AA IRR NCN , NGAUS, NGAUS, ALPHA, BETA PMAT , NNAT ) 
C FUNCTION: 
C CALCULATES REACTION FORCES AT NODAL POINTS AND THE NORM OF 
C THE SOLUTION FOR THE VECTOR FIELD. STORES RESULTS ON OUTPUT FILE 
C 
C POISR Poisson's ratio 
C YNOD Young's Modulus 
C LAME Lame parameter 
C 
IMPLICIT DOUBLE PRECISION(A-E, P-Y) 
REAL XSUK YSUN 
DIMENSION AA (NAXST, NAXST), RR (NAXST) 
DIMENSION DIS (MAXDF) RHS (NAXDF) 
DIMENSION ELNCN(NAXEL, NAXST), PNAT (MAXEL, 6) 
C 
IMAT =0 
IFROM =0 
ITO =0 
C 
C 
C 
WRITE (13,2010) NCN , NGAUS, MGAUS, ALPHA, BETA 
WRITE (13,2015) 
DO 3000 IEL =1 NEL 
IF (THAT . GT. NMAT) GO TO 3000 
IF (YHOD . EQ. PMAT(IEL, 1). AND. IEL. NE. NEL)GO TO 3010 
IF (IHAT. EQ. O)G0 TO 3020 
WRITE (13,2020) IHAT, IFROH, ITO, GHOD , BULK, EXPN, POISR, YHOD 
3020 MAT = IHAT +1 
IFROM= IEL 
GHOD = PRAT (IEL, 1) 
BULK = PRAT (IEL, 2) 
EXPN = MAT (IEL, 3) 
POISR= PHAT (IEL, 4) 
YHOD = PRAT (IEL, 5) 
LAME = PRAT (IEL, 6) 
3010 ITO = ITO +1 
C 
3000 CONTINUE 
C 
2010 FORHAT (" ", 20X, 3("*"), "FEH ANALYSIS DATA (Set By user)" 
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1 15X, "No of Nodes per element (NCN} = ", 110,1 
2 15X, "No of Integration Points , Full. (NGAUS): ", I10, / 
3 15X, "No of Integration Points, Red'd. (MGAUS): ", I10, / 
4 15X, "Shear Terns Integration factor (ALPHA}: ", F15.4, / 
5 15X, "Bulk Terms Integration ractor (BETA }: ", F15.4) 
2015 FORMAT (/120("*"), " MATERIAL PROPERTIES ", 20("*"), // 
1 7X, "ID. ", 5X, "EID. (FROM-TO)", 7X, "SHEAR-MODULUS", 8X, 
2 "BULK NODULUS", 8X, "THERH. Expn. ", 7X, "Poisson's Ratio", 
3 7X, "Young's Modulus"/) 
2020 FORMAT (" ", I10, I10, I4,5G20.5) 
C 
WRITE ( 6,1098) 
WRITE (13,1098) 
WRITE (13,1095) 
1095 FORMAT(/" INP RHS(INP) RHS(JNP} "/) 
1098 FORMAT(//" !!! REACTION FORCE --- From REACH sub-routine--"/) 
C *** 
XSUH =0.0 
YSUI( =0.0 
C 
C *** Print out non-zero reaction forces in vector format for PLOTNK 
C 
DO 5030 INP = 1, NNP 
JNP = INP + NNP 
IF (ABS(RHS(INP)). LT. 0.001 . AND. 
1 ABBS(RHS(JNP)). LT. 0.001) GOTO 5030 
WRITE( x11097) INP , RHS(INP), RHS(JNP) 
WRITE(13,1097) INP , RHS(INP), RHS(JNP) 
1097 FORXAT(I5,2E13.4) 
XSU? t= XSUH + RHS (INP) 
YSUH= YSUM + RES (JNP) 
NVEC= NVEC +1 
5030 CONTINUE 
1094 FORKAT(20X, "Sum of Forces in X and Y directions ", 2F15.4) 
C 
WRITE (13,1097) NVEC 
WRITE (13,1094) XSUX, YSUX 
C 
C Energy CHECK (Should be small)*** 
C 
ww=0.0 
DO 5040 IDF = 1, NTOV 
WW = WW + ABS(RHS (IDF)) * ABS(DIS (IDF)) 
5040 CONTINUE 
C 
WRITE( x11096) WW 
WRITE(13,1096) WW 
WW1= SQRT (ABS(WW)) 
WRITE( x, 1096) WW1 
1096 FORMAT(///, "! !! H-1 NORM[ OF SOLUTION =", D15.5//) 
RETURN 
C 
END 
Ctt 
C END OF LISTING 
C, tttýt 
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APPENDIX 2 
Equivalent Sections of Composite Beams 
This technique can be readly applied to find the effective stiffness of 
composite beams with symmetrical cross sections (e. g. those in Figures A2-1 and 
A2-2). The method is particularily useful where the location of the different 
materials is unsymetrical such that the neutral axis no longer coincides with the 
centroid of the section (as in Figure A2-2). In this context the neutral axis 
means the border line between those parts of the cross section of the beam that are 
subjected to compression on bending, and those that are subject to tension. 
Consider a beam cross-section consisting of a central part or a core such 
as plastic or timber with reinforcing plates firmly bonded (no sliding) to the 
upper and lower surfaces along the length of the beam as shown in Fig. A2-1. The 
section is symmetrical about the centroid and neutral surface. 
1ý 
...... I .............................. 
y(rein) 
...... I ................. 
y(core) 
core 
rein 
Figure A2 1 
Equilibrium 
Since there must be no net end load (i. e. the beam is static), longitudinal 
equilibrium gives 
f 
OcozedAcore +f QzeindArein =0 A2-(1 
Acors Arsin 
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where the subscripts "core" and "rein" refer to the main and reinforcing materials 
respectively. a is the normal stress along the length of the beam. A is the cross 
sectional area. 
Equilibrium of internal and external bending moments gives 
Moor. + Mr. in =M 
Hence 
f 
OcoreYcoredAcore +f QreinYzeindArein =M A2-(2) 
Acozs Azsin 
where y is the distance from the neutral axis as shown in figure A2 1 
The above equations are independent of strain and therefor of whether the material 
is in an elastic or a plastic condition. 
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Geometry of Deformation 
When the beam is subjected to pure bending such that the neutral axis forms 
an arc of a circle of radius R, for a linear elastic strain (e) distribution, 
1_ Ecore 
_ 
Erein A2-(3) 
R Ycoze Yzein 
These relationships are purely a function of geometry and therefore are 
independent of the material and its properties. 
Stress-Strain Relations: 
Qcore = Ecore¬core Qzein = Erein¬zein A2-(4) 
where E is the Young's modulus. 
From eqns. (A2-3) and (A2-4); 
ycozeEcoze 
0coze =R 
YreinErein 
Qrein 
R 
A2-(5) 
Substitution in the equilibrium equation (A2-2) gives 
Ecore f 
YcoredAcore +E Rin f Yreiaýreia =M R 
Accozs Arsin 
A2-(6) 
The intergrals are the second moments of area of the core and reinforcing 
plates, I. and Irein respectively, about the neutral surface. Therefore equation 
A2-(6) can be written as: 
Ecorel 
core + 
Ereinl 
rein 
R 
Substituting for 1/R gives 
A2-(7) 
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Grein 
_ EcoreYcoze EzeinYzein 
M 
Ecorel 
core + 
Ereinl 
rein 
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A2-(8) 
This allows us to readily solve problems of the type shown in figure A2 1, 
but a more convenient approach requiring less arithmetic manipulation, 
especially when the location of the neutral axis is not initially known is to 
transform the composite section into an equivalent section of only one of the two 
(or more) materials. The solution is then of course a simple routine. 
Assuming perfect bonding (i. e. no sliding), the strain at the interface 
must be the same for each material; therefore, at the interface, 
Score - ¬reinQcore _ 
Qrein 
Ecore Erein 
Also, rearranging eqns. (A2-8), 
A2-(9) 
M_ 
Drein (Irein+ 
EcoreIcore 
= 
Qcore (Icore+ 
EreinIrein 
A2-(10 
h Erein h Ecore 
Now we can write 
Ecore Irein 
_ 
Ecoze 'bcoredcore +bcoredcoreYcore) = brein ( 
dcore 
+ dcozeYcore) 
Erein Erein 12 12 
A2-(11) 
where b= width and d= depth of the layer 
Since brain' = (Ecore%Erein)bcore, exactly the same resisting moment will exist if the 
core material is replaced by the reinforcing strip having the same depth dcor. but 
a new width of (Ecore/Erein)bcore" This forms the equivalent section shown on the left 
side of Fig. A2 3, which is entirely made of the reinforcing material. In the 
converse manner, the outer material can be replaced by the core material if the 
width is made (Ersin/Ecore)brein to give the equivalent section shown on the right of 
Fig. A2 3. The neutral axis can be found quite simply (from either equivalent 
section) as it now coincides with the centroid. 
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APPENDIX 3: Thermal Analysis Results 
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UHMWP E dried 1% Gel. 
Sample was a dried film produced fron a 1% gel in Decalin 
I. 
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APPENDIX 4 
Stress distributions predicted by FEM 
Finite Element Grid 
x axis ---> 
Identical scale to the following plots 
Undeformed mesh. All following stress plots have -1% 
(compressive) strain applied in the y direction 
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PLOT 2 Appendix 4 
No InterLcer 
ýAtor j4k 
s 
s 
s 
Al 
SHEAR STRESSXa, -PDLqur interval 
-1% (compressive) strain applied in the y direction 
10. 
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No InterLcer 
Appendix 4 
Sigma Xx axis ---> 
Tensile stress in the x axis direction 
-1% (compressive) strain applied in the y direction 
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Appendix 4 
`t 
G 
Sigma y. Meark , a-2> 
4 
Tensile stress in the y axis direction 
-1% (compressive) strain applied in the y direction 
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PLOT 5 Appendix 4 
No Interýayero Jos rad 
Oý . de , 
SHEAR STRESS. 
x a>:. is ---> 
Shear stress in the xy plane ( r, ) 
-1% (compressive) strain applied in the y direction 
LIV 
PLOT 6 
Appendix 4 
No InterLcer R=9 5 
Sigma X. ... 1 X axis ---> 
Tensile stress in the direction of th x-axis ( a, ) 
-1% (compressive) strain applied in the y direction 
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Appendix 4 
No InterLaer 
Sigma Y. 
x axis ----> 
R=9 ,5 
Tensile stress in the direction of the y-axis (a) 
-1% (compressive) strain applied in the y direction 
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No InterLaLer 
Appendix 4 
R=11,5 
A- 
Sigma y. Mean 32.3 
x axis ---> 
Tensile stress in the direction of the y-axis ( ay ) 
-1ý (compressive) strain applied in the y direction 
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InterLaer 0,5 thick 
1 
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SHEAR STRESS: Contour interval 5.0 
x axis ---> 
`Shear stress in the xy plane (r) 
-1% (compressive) strain applied in the y direction 
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PLOT 
I nterýayer 
II Appendix 4 
0,5 thick. 
Signa y. C tow Interval 10.0 x axis ---> 
8.83% Volume fraction glass. Radius glass 9.5; Interlayer 0.5: 
Tensile stress in the direction of the y-axis ( a, ) 
-1% (compressive) strain applied in the y direction 
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Appendix 4 
Inter L cer 2,0 thick 
Sigma Y. 
8.83% Volume fract. 
Tensile stress in 
-1% (compressive) 
00 1ý 
Contour Interval 10 
x axis ---> 
Lon glass. Radius glass 9.5; Interlayer 2.0: 
the direction of the y-axis ( ay ) 
strain applied in the y direction 
LX 
PLOT 13 
Appendix 4 
InterLaer 1 ,5 thick 
V 
8.83% Volume fraction glass. Radius glass 9.5; Interlayer 1.5: 
Shear stress in the xy plane (r) 
-1% (compressive) strain applied in the y direction 
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SHEAR STRESS. Contour Interval 
5 
x axis > 
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InterLcger 105 thick 
om sm DAN 
Sigma y. I nter L aver E=100 MPa . 
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Appendix 4 
InterLayer 1 ,5 thick 
Sigma y. Interk%jer,, E=2100 MPa 
8.83% Volume fraction glass. Radius glass 9.5; Interlayer 1.5: 
Tensile stress in the direction of the y-axis ( a, ) 
-1% (compressive) strain applied in the y direction 
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InterLaer 1 ,5 thick 
SHEAR STRESS: Graded interlayer 
x axis > 
8.83% Volume fraction glass. Radius glass 9.5; Interlayer 1.5: 
Shear stress in the xy plane (r) 
-1% (compressive) strain applied in the y direction 
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0 
Sigma y. E=56,38,21 GPa x axis > 
8.83% Volume fraction glass. Radius glass 9.5; Interlayer 1.5: 
Tensile stress in the direction of the y-axis ( ay ) 
-1% (compressive) strain applied in the y direction 
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InterLayer 1 ,5 thick 
PLOT 19 Appendix 4 
SHEAR STRESS. Contour interval 5.0 
8.83% Volume fraction glass. Radius glass 9.5; Interlayer 1.5: 
Shear stress in the xy plane ( r, j ) 
-1% (compressive) strain applied in the y direction 
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HoLLow sphere 
9 PLOT 20 Appendix 4 
HoUow sphere 
Sigma y. Contour interval 10. 
8.83% Volume fraction glass. Radius glass 9.5; Interlayer 1.5: 
Tensile stress in the direction of the y-axis ( a, ) 
-1% (compressive) strain applied in the y direction 
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